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ABSTRACT 


Ceramics with nanosized grains posses exceptional chemical mechanical 
and electrical properties Although several methods have been reported m the literature 
for preparation of monodispersed nanosized zircoma powders but wet chemical routes 
via hydrolysis of aqueous solution of the metal salt have been found to be the simplest 

In the present study both undoped and Gd2(>3 doped nanoparticles of 
hydrous zircoma with a narrow size distribution have been prepared by microwave 
heating of aqueous solution of zirconyl chloride isopropanol mixture using 
hydioxypropyl cellulose (HPC) as a surfactant TEM micrographs reveal that hydrous 
zircoma particle in the size range of 35 nm to 150 nm can be prepared as ZrOCl 2 8H2O 
concentration is varied from 0 01 M to 0 05 M at a fixed HPC concentration of 1 71x 10 
gm/cc Particle size for doped and undoped zircoma powder does not vary too much in 
the same precursor concentration range 10 mol% Gd 2 03 doped Zr0 2 powder with very 
high surface area (~ 300 m 2 / gm) has been prepared by using a Z1OCI2 8H 2 0 
concentration of 0 01 M 

Hydrous zircoma part 1 cl with narrower size distribution have been 
prepared by a two step heat treatment under controlled condition A microwave treatment 
at 80% power for a few seconds followed by aging at 50° C for 8 hours seem to be the 
optimum conditions for obtaining hydrous zircoma particles with narrow size distribution 
(15 nm width at half maximum) 



The variation in zeta potential of 10 mol% Gt^Os doped zircoma powder was 
measured as a function of pH and die isoelectric point of the powder was found to be 4 8 
The surface properties of zircoma nano particles were modified by coating with a second 
phase using sol gel technique Time dependent growth of a silica layer on zircoma 
particles suspended in a TEOS sol at pH 3 5 has been measured by observing the changes 
in zeta potential of the zircoma particle with respect to time The zeta potential is positive 
in the begmning and becomes negative after aging for some time 

Dispersion of second phase (Zr 02 AI 2 O 3 ) particles in thick sol gel films has been 
effected by the use of a surfactant It has been possible to disperse the particles uniformly 
in the film under certain conditions Dispersion of second phase particles effectively 
prevents the cracking of those films It has not been possible to correlate the arrangement 
of the particles within the film with the process mg condition so far 

The crystallization of the as prepared amorphous hydrous zircoma particles is 
studied by calcination at 600°C and 900° C respectively The undoped crystallized 
powders prepared from lower precursor (ZrOCl 2 8 H 2 O) concentration show only cubic 
phase whereas the powders with higher particle size prepared from higher amount of 
precursor concentration show a mixture of cubic and monochmc phase at 600° C 
However for Gd 2 0 3 doped powder it is only the cubic phase that exists in the crystallized 
powders in the temperature range from 600 0 C to 900 0 C and the crystallite size proved 
to be independent of ZrOCh 8 H 2 O concentration 



CHAPTER 1 


INTRODUCTION 
1 1 Importance of Nano Ceramics 

Nanocrystalline ceramics are known to be very promising materials which 
exhibit dramatic changes in properties due to a high interfacial area with respect 
to their coarse grained counterparts These properties are for example excellent 
smterabihty and formabihty enhanced diffusion and ion conductivity at moderate 
temperatures etc By using nano particles the sintering temperature can be 
lowered by several hundred degrees and the use of sintering aids can be avoided 
Problems such as decomposition of constituent phases that are frequently 
encountered in sintering of nitrides and deleterious interfacial interactions can be 
solved by resorting to nano particles as starting matenals Smaller grain size m 
nanometer range should result m improved mechanical properties and supei 
plastic behavior for net shape forming 
1 2 Zircoma General 

Zircoma is one of the most important ceramic materials The unique chemical 
mechanical and electronic properties of zircoma ceramics have led to their 
widespread use as structural materials solid state electrolytes thermal barrier 
coatings oxygen sensors catalyst supports corrosive coatings and as inclusion in 
composites for increasing toughness These properties change with crystallite 
size especially when it is of the order of nanometer With these dimensions 
zircoma can also be used as a ceramic binder at high temperatures or as a self 
lubricating material in sliding 
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Zirconium dioxide (zirconia) has three allotropes monoclinic tetragonal and 
cubic It exhibits phase transformations as follows 


1170° C 

Baddeleyite (m Zr0 2 ) < Tetragonal (t Zr0 2 ) 

9S0°C 


2370°C 

◄ ► Cubic (c Zr0 2 ) * ► Liquid (/) 

During cooling the tetragonal phase (t) transforms diffiisionlessly to a metastable 
monoclimc phase (m) at the martensitic temperature (To 1 m ~ 950°C) On heating the m 
phase changes to t phase at the austenite temperature (To tm ~ 1170°C) diffusionlessly 
with no compositional changes The displacive phase transformation from t Zr02 to m 
Zr02 accompanied by 4 6% volume increase and 1 2% shear strain renders pure Z 1 O 2 
unsuitable for engineering use The transformation from the tetragonal to the monoclimc 
(t-»m) phase of zirconia is known to be a martensitic transformation The transformation 
occurring m ceramics containing tetragonal zirconia greatly enhances their toughness 
Stabilizers are essential for retaining the tetragonal phase with at room temperature 
Aliovalent oxides such as R 2 0 3 ( R= Y Gd Nd Sc etc) CaO MgO CeO„, are effective 
stabilizers which when added to Zr0 2 stabilize the tetragonal and cubic phases of Zr0 2 
Depending on their microstructure the ceramics containing t-zircoma are 
mainly classified into three groups tetragonal zirconia polycrystals (TZP) partially 
stabilized zirconia (PSZ) zirconia toughened ceramics (ZTC) TZP such as Ce0 2 
stabilized tetragonal zirconia polycrystals usually show a microstructure of 
homogeneous tetragonal grains The PSZ such as such as Mg - PSZ Ca PSZ consist of 
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relatively large grains of cubic ZrO containing coherent submicrometre sized tetragonal 
precipitate InZTC t ZrO particles are dispersed in second phase eg AI2O (ZTA) 

Monoclinic Z1O2 has Zr' 4 ions coordinated with seven oxygen 10ns which after 
substitution by other aliovalent oxides causes the creation of oxygen vacancies in order to 
maintain the overall charge neutrality This reduces the internal strain leading to the 
stabilization of the cubic fluorite structure of zirconia The addition of 10 mol% or more 
Gd203 in Z1O2 results m formatnon of the fluorite phase This structure contains metal 
10ns at the body centres and face centres and the oxygen 10ns occupy the eight tetrahedral 
voids as seen in the figure 1 1 

Oxygen 
Metal 

Figure 1 1 Fluorite crystal structure of ZrCh 
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I 3 Importance and applications of nanocrystalline zirconia 


Because of the very fine grain sizes nanocrystal line zirconia exhibit a 
variety of properties that are different and considerably improved in companson with 
those of conventional coarse grained zirconia Some of the advantages are given below 

i)Diffusivity and sinterabihty are expected to be enhanced in 
comparison with coarse grained crystalline zirconia 

n) The electrical optical and chemical properties are superior than m 
the conventional coarse grained structure 

m) Due to its fine grain size it has an improved forming characteristic 
which is an advantage over coarse grained structure 

iv) Improved mechanical properties and mcreased wear resistance 

v) Better phystcal optical properties due to enhanced control over 

fine particles 

1 4 Synthesis routes of Nanocrystallme zirconia powders 
I 4 IMechanicallv activated exchange reaction 

Ultrafine powders of very high quality can be synthesized by mechanically activated 
exchange reactions In this process chemical precursors undergo reaction either during 
milling or during subsequent low temperature heat treatment to form nanocrystallme 
particles embedded within a salt matnx The ultrafine powder is then recovered by 
removing the salt through a simple washmg procedure This technique has successfully 
been used to synthesize a wide variety of materials including transition metals magnetic 
intermetallics sulfide semiconductors and oxide ceramics 
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The characteristics of the final washed powder can be significantly controlled by 
mechanochemical synthesis technique For example the average particle size can readily 
be controlled through the use of inert diluents and post milling heat treatments By solid 
state reaction 1 at 500°C tetragonal zirconia of crystallite size 9 to 25 nm was prepared hi 
their work Dodd and Maccormik 1 used anhydrous zirconium chloride (ZrCU) and Li 0 
reactant mixtures (1 2 mole proportion) which were milled for 6 hrs within a hardened 
steel vial using a Spex 8000 mixer/mili All millings used a 10 g powder charge with 20 
9 5 mm stainless steel balls as the grinding media To ensure an inert atmosphere during 
milling the grinding media and reactants were loaded into the vial whilst within a high 
punty argon filled glovebox Following milling the reactant mixtures were heat treated 
at 400°C for 1 hr under a sealed argon atmosphere To remove the LiCl by product phase 
the heat treated powders were washed several times with deionized water and methanol 
in an ultrasonic bath Following each wash the powder was recovered from the solvent 
by means of centrifugation and decantation Washed powders were subsequently dried 
for several hours in air at approximately 80 C 
1 4 2 Powder preparation by sol gel method 

The sol gel method using alkoxides as precursor materials is a very popular 
approach for preparation of monodispersed ceramic powder Srutt et al 2 reported the 
sol gel derived nano structured tetragonal zirconia using zirconium n butoxide as 
precursor and HC 1 CH3COOH and NH4OH as hydrolysis catalysts To study the effect of 
tetragonal phase stabilizer nanocrystalline tetragonal zirconia stabilized with yttrium 
was also prepared via the hydrolysis of an aqueous solution of zirconyl and yttrium 
chlondes yttrium concentration being 5 0 mol% 



When samples were annealed at 400°C they crystallized The sample without 
yttrium was a mixture of nano crystalline monochmc zircoma (82 wt %) and tetragonal 
zircoma (18 wt%) with an average crystallite size of 19 9 nm On the other hand the 
yttria doped sample only had nanocrystalline tetragonal zircoma with an average 
crystallite size 12 2 nm 



Figure 1 2 Structure of hydrous zircoma produced by sol gel technique 

The zircoma samples prepared by the sol gel technique were amorphous when 
heated below 300° C this occurred because zirconyl group has 16 aquo bindings at 
which condensation randomly occurs preventing crystallization When samples were 
heated at higher temperatures the hydroxo bridges between zirconium atoms were 
transformed causing the system to stabilize into the tetragonal zircoma nanophase 

During sample preparation the ions present in the synthesis were hydroxyls n 
butoxyl Cl methyl carboxyls and ammonium The carbon and hydrogen atoms present 
in methyl and n butoxyl groups require a lot of energy to substitute for oxygen in the 
crystalline structure of zircoma and therefore they are discarded to stabilize the 
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tetragonal structure For Cl ions to substitute for oxygen atoms or to form chlorate ions 
also requires too much energy and thus they can not play any role as tetragonal phase 
stabilizers Nitrogen atom originating from ammonium ions can also not substitute for 
oxygen at this low synthesis temperature to stabilize the tetragonal phase 

The only group having oxygen atoms that could occupy sites in the crystalline 
structure of zircoma are hydroxyl and carboxyls Since hydroxyls were present in both 
yttna doped and undoped powders it can be assumed they stabilized the tetragonal 
structure When samples were annealed at 600° C at which they were strongly 
decarboxylated the tetragonal phase was only stable in the sample prepared with acetic 
acid hydrolysis catalyst This implied that carboxyl group also stabilized the structure 

Wang et al 3 also studied the sol gel method by dissolving zirconium n butoxide 
in absolute ethanol under continuous stirring and then adding hydrolysis agent (NH 4 OH) 
till pH became ~10 After that a small amount of water was added and the solution was 
stirred continuously until gelling The gel was subsequently dned at room temperature m 
a vacuum for 24 hours Then these gel powders were subjected to annealing at 400° 60 0° 
and 800°C for 4 hours m air Nanocrystal line zircoma with coexisting monoclinic and 
tetragonal phases with an average crystallite size ranging from 6 to 36nm was obtained 
They have also found that the fractions of the phases change with annealing temperature 
At 400°C the main phase was tetragonal But when temperature was increased from 400° 
to 800°C the tetragonal fraction decreased (from 84 to 1 1 9 wt%) while the monochnic 
phase concentration increased (more than 80 wt% at 800°C) This synthesis method leads 
to formation oft and m phase without cubic phase and irreversible phase transformation 
from t— > m occurs during calcination This is in contrast with the result obtained by 


7 


Yoshimura M 4 where transformation of low temperature m phase to the t phase and then 
into cubic phase at higher temperature was reported In all these investigations the 
nanocrystallites are agglomerated into large particles (> 1 00 nm) So the preparation of 
particles with size < 100 nm is still not so easy usmg the sol gel method 

14 3 Citrate -nitrate combustion route 

Gel combustion methods show some advantages due mainly to its relatively low cost 
compared to alkoxide based sol-gel methods and better control of stoichiometry m 
comparison with co precipitation ones Gel combustion routes are based on the gelling 
and subsequent combustion of an aqueous solution containing salts of the desired metals 
(usually nitrates) and some organic fuel such as urea and carbohydrazide and oxalic 
dihydrazide citric acid and glycine and alanine etc The combustion process is due 
to an exothermic redox reaction between nitrate ions and the fuel The large volume of 
gases produced during the reaction promotes the disintegration of the precursor gel 
yielding nanocrystalline particles after calcination 

Juarez et al 5 studied the synthesis of zirconia nano powder by dissolving zirconium 
oxychlonde and yttrium oxide in an excess of mtnc acid in a ratio corresponding to a 
final composition of ZrC>2 2 8 mol% Y2O3 This nitrate solution was thermally 
concentrated in order to eliminate chlorine Citnc acid was then mixed in a proportion of 
2 mols per mol of metal atom and the pH of the solution was adjusted to pH=7 by adding 
ammonium hydroxide The resulting translucent solution was heated on a hot plate (at 
about 200±250 °C) until it turned into a black viscous gel and then burnt due to a 
vigorous exothermic reaction The system was homogeneous during the whole process 
and no precipitation was observed Grey ashes obtained after combustion were treated at 
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350° C in air for 1 h to eliminate the carbonaceous residues and calcined at 600 °C for 2 h 
resulting in a white foamy powder It was then milled at 1 10 rpm in a non contaminating 
plastic container with zirconia pellets in an ethanol medium The as synthesized powder 
exhibited the tetragonal phase at room temperature because of their small crystallite size 
(about 10 nm) while the milled powder presented a small amount of the monoclinic 
phase (a volume fraction of about 20%) 

14 4 Preparation of Nano powder from a polymeric precursor 

There are various techniques for the preparation of nano particles Of these pyrolysis of 
polymeric precursor is one of the simplest methods for the production of fine grained 
oxide powder 

In their work Pramanik 6 et al used zirconium oxychloride as a precursor by dissolving 
it m a minimum quantity of distilled water From this solution zirconium hydroxide was 
precipitated by the addition of ammonium hydroxide The precipitate was washed several 
times to remove Cl Then the precursor nitrate solution was prepared by the reaction of 
mtnc acid and hydroxide To prepare pure zirconia, a predetermined proportion of 
sucrose and PVA were added to the nitrate solution and the resulting mixture was 
evaporated to a viscose mixture on a water bath to avoid frothing m subsequent heat 
treatment Then the mixture was heated on a hot plate to about 200 °C to make a black 
porous mass and in some cases a white powder was obtained for uniform heating This 
mass was ground to powder for calcination The resulting powder was calcined at vanous 
temperatures to make the nano crystallites of pure zirconia 
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To prepare yttria stabilized zirconia yttria was dissolved in nitnc acid to form a yttnum 
nitrate solution which was mixed with zirconium nitrate solution in the proper 
proportion The resulting solution was mixed with sucrose and PVA 

For preparation of YSZ the same ratio of sucrose and metal ion as before was 
used The pyrolysis and the calcination temperatures are 200 300 400 600 700 800 
1000 and 1200 °C and the time used in each case is 2 h except for 200 °C where the time 
used is 6 hr 

It was observed that small amount of sugar was not sufficient for making nanophasic 
material Addition of excess sugar introduced a problem in the removal of carbon from 
the material which required higher temperature and longer time This facilitated the 
growth of the nano crystallites Hence the optimum amount of sugar was essential In 
both cases pure zirconia and YSZ the optimum ratio of the metal ion and sucrose was 1 4 
In another work Pramamk et al 7 reported the synthesis of Cr 3 7Cr 4+ stabilized c ZrC >2 
nano crystals using metal cations in a solution of sucrose and polyvinyl alcohol (PVA) 
White gelatinous precipitate of Zr(0H)4xH2O was obtained by the reaction of 
ZrOCb 8 H 20 andNH 40 H in aqueous solution Zr(OH )4 xH 2 0 was dissolved in nitnc acid 
to form solution of Zr 0 (N 03)2 and Cr 6i cations were added through a 1 (M) aqueous 
(NH 4 ) 2 Cr 2 07 solution Addition of sucrose and PVA (mol wt 125 00 0) by 50-70% by 
weight in a batch of 20 g sample yielded a final precursor solution in a transparent light 
green color The molar ratio of sucrose and PVA monomer was about 10 1 The solution 
was dned over a water bath into a precursor mass of a dark black color The latter was 
pyrolyzed on a hot plate at 250°C to give a fluffy powder having light brown to deep blue 
color as per Cr (atomic percent of chromium cations) content in the sample Calcinations 
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at 600-900C resulted in a stabilized Zr02 nano powder A senes of samples with Cr 
content up to 30 at% have thus been obtained after calcining at different temperatures 

Sucrose and PVA forms a polymer with dissolved metal cations in water Here 
sucrose plays a multifunctional role At first it forms a complex with metal cations by 
coordinating through hydroxyl groups It prevents selective precipitation of coordinating 
cations while evaporating the excess water in the solution to a dned precursor mass 

Robert et al 8 in their work reported YSZ powder preparation via polymeric 
precursors made from citric acid and ethylene glycol In this process an alpha 
hydroxycarboxyhc acid (citric acid) was used to chelate with various cationic precursors 
by forming a polybasic acid In the presence of a polyhydroxyl alcohol (ethylene glycol) 
these chelate reacted with it to form organic esters and water by products When the 
mixture was heated polyesterification occurred and led to a homogeneous sol in which 
metal ions were uniformly distributed throughout the organic matrix When the sol was 
further heated to remove the excess of solvents an intermediate resin was formed The 
solid resin was then heated to elevated temperatures to remove organic residuals and the 
desired stoichiometnc compounds were formed dunng the pyrolysis 

Panda and Pramanik 9 studied the stabilization of the metastable states of Z 1 O 2 with 
tetravalent cation Th 4 1 or Ti 4+ using zirconium oxychloride (ZrOCl 2 8H 2 0) thorium 
nitrate [Th (N0 3 ) 4 j titanium oxide tarataric acid hydrofluoric acid and Tnethanolamme 
(TEA) as starting matenals At first zirconium oxychlonde was converted into zirconyl 
nitrate solution via zirconyl hydroxide and mixed with thonum nitrate solution with 
proper mole ratio to form 1 0 2 50 5 0 10 0 at % Th 4+ containing Z 1 O 2 in the final 
product With the above mixed solution 6 M TEA was added per mole of total metal ion 
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to form the precursor solution In the similar way Ti 4+ containing precursor soluton is 
prepared In this case Ti 4+ was introduced into the precursor solution as its tartarate 
which was synthesized chemically 

Then the precursor solutions were evaporated and pyrolyzed over a hot plate for 
about 4 hrs at a bed temperature of 250 °C to form the precursor matenal These are 
calcined at different temperatures (650-1200° C) to form the nanocrystalline powders 

At the calcination temperature of 650 °C t ZrCh with the average crystallite size of 
10 nm was reported Beyond 950°C t ZrCb started transforming into m phase and at 
1200 °C complete transformation occured The average crystallite sizes at these 
temperatures are 20 and 35 nm respectively The result showed that lower concentration 
of Th 4+ also can stabilize the t ZrCb but its thermal stability is lower than the tetragonal 
phase containing 5 mol% Th +4 Even 1 mol% Th 4+ can stabilize t Z 1 O 2 However higher 
concentration of Th 41 did not improve the thermal stability of t phase Therefore 5 mol% 
Th +4 is the optimum composition for the stabilization Stabilization charactenstics of t 
Z 1 O 2 using Ti 4+ is almost similar to except the lower thermal stability At the calcination 
temperature of 1000 °C total transformation into m phase occurred in case of Ti 4+ 
stabilized t Z 1 O 2 At 900 °C about 8% m phase appeared for the 5 mol% Th ' 41 stabilized 
sample but in the case of5 mol% Ti +4 stabilized sample it was only about 3% m phase 
is present even at the calcination temperature of 950 °C Therefore it can be concluded 
that the stabilizing ability of Th 4+ is better than Ti 4+ with respect thermal stability 

The cationic radius of Th 4+ (0 95 A ) is greater than Ti 4+ (0 64 A ) which is 
probably the reason of different stabilizing ability Ionicity of Th 4+ and Ti 4+ is not very 
different, so it may not play an important role for making any difference in ability of 
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stabilization This proves the dopant size effect for stabilization The stabilization of t 
Z 1 O 2 with ThC >2 is similar to effect with S 1 O 2 as reported by del Monte et al ( ref 1 0) and 
supenor to the stabilization of t ZrCh with SnC >2 as reported by Ray et al ( ref 1 1) Here 
again ionic charges of Si 4+ Sn 4+ and Th 4+ are same The effect of Si 4+ will be different 
from the other because its higher covalent character of the Si-0 bond In general it shows 
that with an increase of size of ion the stabilization effect from metal ion increases 
14 5 Laser ablation 

W Riehemann et al 10 has reported the generation of solid solution of the nano 
particle system Al O ZrCh by evaporating a blend of AI 2 O 3 Z 1 O 2 micro powders with 
the pulsed radiation of a Nd YAG laser followed by condensation of the induced vapor 
in a controlled atmosphere The advantage of this laser method is that a large magnitude 
of micro powder mixture can be used for ablation enables the generation of new 
material phases of the constituent which are additionally free from contamination as 
e g solvents or other residuals 
14 6 Inert gas Condensation Process 

By the gas condensation method (onginally proposed by Gleiter) nano structured 
monoclimc zircoma particles (dia ranging from 4 to 8 nm) have been synthesized and at 
high pressure tetragonal structure is obtained depending on size 

G Skandan et al 11 has studied the nanoparticle preparation by inert gas 
condensation technique They evaporated zirconium monoxide nanoparticles in an ultra 
high pure helium atmosphere of 2 20 mbar Evaporation of the monoxide rather than the 
metal is common and advantageous since greater control could be exercised in the post 
deposition oxidation step This is because the exotherm generated in converting a 
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monoxide to its oxide is much less than that generated on going from a metal to its 
oxide The average particle size principally depends on the He gas pressure during 
evaporation Particle size as determined from the bright field TEM images mcreases 
from 6 nm to 12 nm at 2 75 to 20 mbar pressure respectively The measured surface area 
for the finest nano zircoma powder was 136 m 2 / gm 
14 7 Pyrolysis 

Pyrolysis of the precursor is one of most common and convenient process for the 
synthesis of nano particle of zircoma 
14 7 ISpray Pyrolysis 

Chuanxian Ding et al 12 reported the synthesis of zircoma nano particle ( 50 120 
nm in diameter) by this technique by spraying dried granules of ZrCh 3mol% yttna in 
the range of 1 5 -40 mm into distilled water and depositing onto stainless steel substrates 
located at 120 mm away from the plasma gun nozzle The Ar-12% H 2 mixture was used 
as plasma forming gas Prior to the spraying the substrate was degreased ultrasomcally 
in acetone and blasted with alumina grit Dunng spraying the substrates and coatings 
were cooled using compressed air 

By spray pyrolysis 13 of an aqueous solution of zirconium acetate process at 
550°C pure zircoma forms cubic phase and at 1000°C it forms only monoclmic phase 
via a small amount of tetragonal phase At 500°C YSZ forms cubic phase and maintains 
this form as a major phase up to 1000° C 

In the plasma based ultrafine particle synthesis process (PSP) the following steps 
are followed in a sequential manner 
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(i) Liquid droplet is atomized and injected into the plasma flame 

(u) The plasma synthesized particles are collected either as a deposit on a substrate or as 

powder on the electrostatic precipiatator 

The yield and characteristics of the synthesized nanaomaterials depend strongly on 

( I ) The properties of the precursors 

( II ) The geometiy of the atomizer 

(in) The atomizing and spray 
(iv) Process variables 

14 72 Flame pyrolysis 

Flame based methods for synthesis of nanoparticles are desirable because the 
processes are continuous the product is free of contamination On introduction of the 
precursor solution into the flame solvent vaporization and particle formation occurred in 
the reactor The resulting nanoscale particles were collected downstream of the flame 
using a movable water cooled nitrogen quenched collection probe 

Helble et al 14 reported the synthesis of spherical nano particle by dissolving 
ztrconium(TV) n butoxide in butanol and subsequently introducing the precursor into the 
flame through a high pressure atomizer with a size range of 160 nm 
14 7 3 Combustion synthesis 

Patil and Aruna 15 used Cerous nitrate Ce (NO )3 6 H 2 O and zirconyl nitrate 
Zr 0 (N 03)2 6 H 2 0 as the source of cenum and zirconium to synthesize ceria -zirconia 
solid solutions with an average crystallite size of 5 1 1 nm and high surface area in the 
range of 36 140 m 2 / gm by the process of combustion Carbohydraazide/ oxalyl 
dihydrazide prepared from diethyl carbonate / diethyl oxalate and hydrazine hydrate 
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were used as fuels The preparation of Ceo sZr 0 5 0 requires a redox mixture containing 
cerous nitrate zirconyl nitrate and CH (carbohydraazide) in the molar ratio of 1 1 
In a typical combustion reaction a pyrex dish containing an aqueous red ox mixture of 
stoichiometric amounts of cerous nitrate zirconyl nitrate and CH is introduced into a 
muffle furnace preheated to 350±10° C The solution boils and froths followed by the 
appearance of flame yielding a voluminous product 

Formation of cena zircoma and cena zircoma solid solutions from the cerous 
nitrate ODH and zirconyl nitrate CH redox mixtures can be written as 

(ODH) 

► 

4 Ce(N0 3 ) 3 ( aq} + 6 C 2 H<sN 402 (aq) +0 3 ( g ) 4 Ce02( g > +12 C02(g) + 18 H 3 0( g ) + 18 N 3 (g) 

(1 2 moles of gases per mole of CeC> 2 ) 

(CH) 

► 

4 Zr0(NO3)2(aq) + 5 CHtfWW 4 Z 1 O 2 + 5 CC> 2 (g)+ 15 H20(g) + 14 N 2 (g) 

(85 moles of gases per mole of ZrCh) 

Solution combustion of cerous nitrate zirconyl nitrate and CH/ ODH redox mixture in 
the appropriate ratio gives desired Ce p x >Zr x 02 ( x=0 2 to 0 9) 

► 

(1 x)Ce0 2 < ) + xZr0 2 ( ) Ce p x) Zr x O,. 

The combustion reaction was vigorous /violent when the cena content is more 
and the products flew out of the container during combustion Formation of Ce02 from 
the Cerous Nitrate - ODH redox mixture requires atmosphenc oxygen for the oxidation 
of Ce' 3 to Ce +4 during the combustion The combustion reaction with CH fuel were not 
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vigorous when the zircoma content is more in the stoichiometry This could be explained 
based on the difference in the heats of combustion of zirconyl nitrate ~CH and cerous 
nitrate CH redox mixtures From the thermomechanical calculations for the above 
stoichiometnc equations it was found that the heat of combustion of cerous nitrate CH 
redox mixture is very high ( 1906 23 KJ/mol of CeCb) compared to that of zirconyl 
nitrate -CH mixture ( 439 15 KJ/mole of ZrCh) In order to reduce the exothermicity of 
the cerous nitrate CH combustion a fuel lean redox mixture i e 0 94 mol of CH 
(stoichiometric amount = 1 875 mol) per mol of cerous nitrate was used The combustion 
of fuel lean redox mixture was not vigorous 
14 8 Sonocheimcal Method 

Sonochemical processing has been proved to be a useful technique in the 
synthesis of novel materials with unusual properties Jun Lin al 16 has reported for the 
first time that nano porous cena and cena-zircoma solid solutions with high surface area 
can be obtained directly via high intensity ultrasound irradiation 

A total of 0 02 mol of (NH^Ce^Cb^ and ZrOCh 8H2O and 0 4 mol of urea 
were dissolved m 100 ml of deionized water The solutions were sonicated continuously 
for 3 h (amplitude 80%) by a high intensity ultrasonic probe with diameter 13 mm (20 
KHz 100 W/cm 2 ) During the sonication the temperature of the solutions was raised to 
about 80 C For the synthesis of CeO 2ZrO 8O2 50 ml of deionized water was added as 
soon as the gel formed m the solution The resulting powders were collected by 
centnfugation washed thoroughly with deionized water and ethanol and dried in a 
vacuum oven overnight at 383 K The composition of the solid solutions was changed by 
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varying the molar ratio of Ce to Zr in the starting solutions while maintaining the total 
amount of (NH 4 ) Ce(NCh) 6 and ZrOCl 2 8H 2 0 at 0 02mol 

Pang et al 17 also investigated sonochemical method in prepanng stable colloidal 
hydrous YSZ without the presence of a surfactant by dissolving 0 08 mole of Y 2 Cb and 
0 92 mole of Zr0(N0 3 ) 2 xH 2 0 in mtnc acid and deionized water under heating and 
stirring respectively Then NH4OH was added drop wise into the mixed solution under 
sonication that resulted in formation of as prepared colloidal hydrous YSZ nanoparticles 
with a particle size of ~27 nm (measured by analytical ultracentnfiigation AUC) The as 
prepared YSZ aqueous suspension was not stabilized since it coagulated after short time 
by the condensation of the surface hydroxyl group A stable hydrous YSZ suspension 
with a particle size of ~2 8 nm was obtained by redissolvmg the water -ethanol washed 
product into absolute ethanol and then sonicating for 30 minutes 
14 9 Powder preparation by precipitation 

Precipitation of hydrous zircoma from an aqueous solution containing zirconium 
salt can occur in different ways such as such as by simply aging the aqueous solution of 
zirconium salt at lower temperature for several days adding of a base 1 e either 
ammonium hydroxide or urea uniform heating of an alcohol water solution containing 
salt of zirconium etc 
1491 Forced Hydrolysis 

This method consists of prepanng a solution of ZrOCl 2 x H 2 0 m water and aging 
it at nearly 100 0 C for several days In the fresh aqueous solution of ZrOCl 2 a tetramer 
[Zr(OH) 2 4 H 2 0] +8 4 exists with a radius of gyration of 4 5 °A Aging of the solution 
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even at room temperature for several months leads to formation of species with larger 
radius of gyration When aging is carried out at 1 00° C particles of Zr0 2 form 
Hu etal have studied forced hydrolysis method by prepanng aqueous solution of 
zirconyl chlonde and incubating it at 100°C for 3 days The authors obtained nearly cube 
shaped nano sized particles with narrow size distribution (—50 nm average size) by usmg 
this technique In their investigation they found that initially the particle size increased 
with ZrOCb concentration (M) due to enhancement of hydrolysis kinetics reaction but 
after a critical concentration of 0 2M, the particle size again decreased due to inhibition 
of reaction kinetics because of high acidity 
The hydrolysis reaction can be expressed as follows 

ZrOCl 2 + («+l)H 2 0 * ZrO 2 «H 2 0 + 2^ + 2C1 

Later Murase et al have reported that the primary and secondary particle sizes of 
hydrous zircoma synthesized through the hydrolysis of ZrOCl 2 aqueous solutions are 
controlled by the concentrations of H + and Cl 10 ns produced dunng hydrolysis The 
authors have found that the average secondary particle size of hydrous zircoma increases 
as the H 4 ion concentration increases reaching a maximum value of 200 nm when H + ion 
concentration becomes 0 44 mol dm 3 and on further mcrease of H + ion concentration it 
tends to decrease 

In another work Kato et al have reported that the formation rate of hydrous zircoma 
particles synthesized from ZrOCl 2 solutions containing various metal chlondes is affected 
by the number of Cl 10 ns in the aqueous solution This was also verified by Matsui and 
Ohgai who reported that the formation rate of hydrous zircoma particles decreased as the 
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ZrOCh concentration increased or the temperature decreased This may be attributed to 
the Cl ions attracted to the primaty particle surface hindering crystal growth 
Matsui et al 19 have extensively studied the formation mechanism of hydrous zirconia 
particle by hydrolysis of ZrOCl2 solutions They found that the primary particle size of 
hydrous zirconia particles decreased as the Z1OCI2 concentration increased and was 
independent of the reaction temperature The secondary particle size of hydrous zirconia 
particles synthesized at ZrOCb concentrations of 0 1 0 2 and 0 4 mol/dm 3 first increased 
monotonously and then decreased and also the particle size decreased monotonously as 
the reaction temperature decreased They proposed that ZrOC'h 8H2 0 dissolves m 
aqueous solution forming a tetramer complex [Zr(OH)2 4 % which deprotonates 

on heating giving rise to a polymeric species [Zr(OH)2+ x (4 -x)HLO] (8 4)1 When the 
concentration of this polymeric species reaches a critical supersaturation level crystal 
nuclei of hydrous zirconia is generated These nuclei grow in due course to form primary 
particle of hydrous zirconia Secondary Particles of hydrous zirconia are formed by hard 
aggregations among the particles The author reported that the primary particle size of 
hydrous zirconia decreases as the concentration of ZrOCb 8 H2O is increased The 
crystal nucleus of the hydrous zirconia produced by the polymerization of [Zr(OH)2+ x 
(4 -x)H 2 0] (8 4 }l formed an electric double layer between the H + ion adsorbed onto the 
surface hydroxyl group and the Cl 10ns attracted to the surface on the crystal nucleus As 
the concentration of ZrOCl 2 increases the amount of H 1 and Cl 10ns produced during 
hydrolysis is also increased resulting in an enhancement of the thickness of electrical 
double layer This electrical double layer interferes with the polymerization of the crystal 
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nucleus and thus the crystal growth of the primary particles is affected by the amount of 
ZrOCl 

The primary particle size decreases with increase in H + ion concentration that causes 
an increase in surface energy of the pnmary particles This eventually causes more 
aggregation among the primary particles and leads to increase of the secondary particle 
size with increase m H + ion concentration But after reachmg a critical concentration of 
H 1 ion (0 4mol dm 3 ) electric double layer repulsion hinders aggregation among the 
primary particles and causes decrease in the secondary particle size with further increase 
in H + ion concentration The decrease in secondary particle size with decrease in 
temperature reaction temperature is attributed to the increase in the dielectric constants 
and the decrease in the surface potentials as the reaction temperature decreased 
149 2 Precipitation by using of a base 

Earlier we have discussed that hydrolysis of ZrOCl 2 8 H2O produces IT 1 and Cl 
10 ns So if pH of the solution is increased the equilibrium will be shifted towards the 
product side and to maintain the pH level more hydrolysis will occur producing hydrous 
zirconia This can be done by addition of strong bases like NB4OH Na(OH) or slowly 
by addition of urea and subsequently heating the mixture Hydrolysis by ammonia leads 
to the instantaneous formation of white precipitate of hydroxide and the hydrolysis 
reaction is difficult to control But when urea is used for hydrolysis reaction the pH of 
the solution increases slowly by a two step hydrolysis of urea producing NH 3 and C0 2 In 
this case the process can be controlled more easily 

Huang Yue xiang and Guo Cun ji 20 have studied urea hydrolysis method by 
dissolving ZrOCl 2 8H 2 0 (with vanous concentrations) and urea [CO(NH 2 ) 2 ] into distilled 
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water and then boiled continuously for 50 hours m a closed system that resulted in the 
formation of colloidal sol It is well known that zirconyl ions (Zr +4 ) are present as 
[Zr 4 (OH)g 16H20] 8+ tetramers m aqueous solution During urea hydrolysis when 
zirconyl chloride octahydrate is dissolved into water the four coordinated water 
molecules are replaced by hydroxyl ions obtained from the decomposition of urea 
according to the following reaction 

CO (NH 2 ) 2 + 3H 2 0 ► C0 2 + 2NH/ + 20H 

Condensation between the hydroxyl 10 ns coord mated groups produce fluffy 
crystal nuclei which grow with boiling time to form monoclinic phase During urea 
hydrolysis the pH of the solution decreases at the initial stage due to ZrOCl 2 hydrolysis 
which is followed by urea decomposition that leads to increase in pH of the solution At 
longer boiling time period pH value becomes nearly constant due to equilibrium of these 
two chemical reactions The agglomeration of the hydrolysis products was proposed to 
depend on the pH of the solution 1 e amount of Off present Higher the pH fester is the 
agglomeration 

Srmivasan et al 21 also worked on the synthesis of zircoma nano powder by using 
NaOH as a base and claimed that a pure cubic phase was onginated at 500°C starting 
from a precursor precipitated at pff=l 3 5 

In another work LihWu and Ton Fon Wu 22 have reported the preparation of 
Hydrous Zr0 2 powder via a conventional precipitation process Ammonia was 
introduced into an aqueous solution of ZrOCl 2 8H 2 0 (0 03 M) and YCI 3 (3 mol%) to 
induce condensation The precipitate was washed thoroughly with deionized water and 
then dried at a temperature of 70°C in air The surface pretreatment was conducted by 
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placing the hydrous precursor powder in a closed container into which the OH 
scavenging reagent — namely hexamethyldisilazane ((Si(CHi)i) 2 NH) was injected (5 
ml/gm of powder) The entire container was heated at 1 50°C for 1 h The powders were 
calcined in air at increasmg temperatures from 300 C up to 1100°C with increments of 
100°C a heating rate of 100°C/h and a hold time of 1 h The pure Zr0 2 powder (Not 
surface treated) exhibited exclusively the m Zr0 2 phase for calcination at 400°C For the 
3Y Zr0 2 ( not surface treated powder)powder on the other hand showed predominantly 
/ Zr0 2 within a temperature range (300°- 400°C) However the t Zr02 content decreased 
with continued heating at higher temperatures from 87% at 400°C to 18% at 900°C The 
size of the Zr0 2 crystallites in the powder increased as the calcination temperature 
increased from 8 nm at 400°C to 25 nm at 900°C However the surface treated powder 
that was calcined at 1100°C with an average ciystallite size of 16 nm exhibited only t 
phase In contrast the transformation to m-Z r0 2 occurred m the 3Y-Zr0 2 (untreated 
powder) merely after calcination at 400°C 

This can be explained based on the hypothesis that the metastability is due to a 
lower surface free energy of t Zr0 2 than that of m Zr0 2 Accordingly t Zr0 2 
nanociystallites occur spontaneously as long as they are small enough to produce a 
sufficiently large (specific) surface to compensate the difference in bulk energy 
Accordingly the enhanced stability as observed in the surface treated powders can be 
attributed m part to their suppressed gram growth rate which is effected by the HMDS 
treatment 
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1 4 9 J Homogeneous precipitation by heating alcohol water solution 

Ail the precipitation processes discussed are associated with some drawbacks 
mainly that they yield an agglomerated product with wide size distribution Furthermore 
many of them are very slow 

When a ZrOCh solution with an alcohol water mixture as a solvent is heated the 
dielectric constant of the solution decreases significantly As a result the salt solution 
becomes supersaturated and precipitation occurs The phenomenon has been used to 
prepare sphencal ZrC >2 nanoparticles Guo et al 23 investigated the preparation of 
zircoma nano particle by this method They dissolved 97 mol% Zirconyl Chloride 
octahydrate and 3 mol% yttrium nitrate m dilute alcohol -water mixture PEG was 
added as a dispersant The starting solution was uniformly heated to 75° C in a 
thermostat bath and kept at this temperature for certain time when solution turned into 
white gel pH was adjusted to 9 by the addition of NH 4 OH and washed repeatedly with 
distilled water for complete removal of Cl ion dewatered by ethyl alcohol dried atl20°C 
for 12 hrs and calcmed at 600°C for 2 hrs The powder was isostatically pressed at 400 
MPa and sintered at 1 150 0 C for 2 hrs They have found an increase in specific surface 
area of the powder from 53 m 2 / gm to 65 m 2 / gm by using PEG as a dispersant This can 
be explained by the stenc stabilizing effect of PEG preventing agglomeration of particles 
As both zeta potential and dielectnc constant affect the electrostatic repulsive force 
between the particles the kind of solvent mixture plays a crucial role in the precipitation 
and morphology of the resulting particles They have also studied the effect of volume 
ratio of ethanol and water on the powder size and reaction rate and found that when R/H 
ratio is too low the reaction is much slower and when the R/H ratio exceeds some critical 
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value the powders have no obvious difference The optimum R/H ratio was reported to 
be 5 1 The author reported a powder green density of 47% after cold pressing and a 
sintered density of 98% with an average gram size of 98 nm 

Microwave heating of alcohol water salt solution has some distinct advantages 
over the conventional heating technique in respect of particle size and morphology 
Particles formed under conventional heating method were polydisperse agglomerated 
sphencal or irregularly shaped because of inhomogeneous precipitation through the 
temperatuie gradient the shear force induced by stirnng compositional non uniformity 
and the low heating rate Microwave heating provides (a) uniform volumetnc heating 
and (b) rapid heating rate preventing agglomeration and higher polydispersity of the 
precipitated powder Moon et al 24 investigated a novel method that yielded sphencal 
ZrC >2 precursor powders of narrow size distribution through microwave heating of 
zirconyl chloride solution with an alcohol water mixture as the solvent They studied the 
vanation of dielectric constant and precipitation temperature with volume ratio of 2 
propanol to water (R/H) The authors found that particle size and particle agglomeration 
level could be controlled by amount of the surfactant (hydroxypropyl cellulose HPC) m 
the solution and reported a mean particle size of 0 2 p. at HPC concentration of 3X10 3 
gm/cc R/H 5 salt concentration 0 2 M 

Jean and Ring 25 studied the effect of stencally stabilizing surfactants during 
synthesis of unagglomerated monosized ceramic powders m order to give dense and 
uniform green compacts TiO powder was synthesized by hydrolysis of titanium 
ethoxide in alcohol solution m presence of HPC The authors proposed two unique 
properties that any stencally stabilizing dispersants must have Firstly the dispersant 
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must allow polymeric reaction products to diffuse through the adsorbed layer Secondly 
the dispersant must not be incorporated into the structure of the growing particles 1 e it 
must be physically adsorbed and not chemically binding to the surface They also showed 
that reaction yield decreased from 68 1% to 58 3% and particle number density increased 
from 5 5 XIO 10 to 9 2X1 0 10 per cc when HPC concentration was increased from zero to 
1 71 XI 0 3 gm/cc The HPC molecules do not act as a heterogeneous nucleation sites and 
prevent agglomeration during growth even when higher reactant concentration is used 

Jindal 26 have prepared monodispersed nanoparticles of hydrous ZrOz ZrC >2 Y2O3 
and Z 1 O 2 Gd 2 C >3 by using the same method as Moon et al 26 The author has studied the 
influence of vanous factors such as concentration of the salt rate of heating and heating 
time on size and morphology of the particles and found that for 0 1 M, 0 05M and 0 01M 
ZrOCH concentration nearly sphencal monodispersed particles of sizes 305 nm 200 nm 
and 144 nm respectively are produced when no dispersant is used The particle size 
decreases by a factor of 4 (1 e from 430 nm to 100 nm) when the heating time is 
decreased from 60 s to 10 s Effect of dispersants was also mvestigated by adding small 
amounts of sodium hexametaphosphate (SHMP) acetylacetone (AcAc) Addition of 
AcAc decreased the particle size significantly from 350 nm to 150 nm when 1ml AcAc 
was added to a 0 1M ZrOCl 2 solution Higher concentration of AcAc completely 
suppressed the precipitation of particles 

In a recent study Paul 27 has reported the particle size of 35 nm can be prepared from a 
ZrOCl 2 8 H 2 O solution of 0 05 M at HPC concentration of 1 71 x 10 3 The author has 
studied the particle size and morphology of hydrous zircoma particle in mother liquor by 
Transmission Electron Microscopy In his work Paul 29 investigated the effect of zirconyl 
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chloride concentration on particle size of zircoma keeping the surfactant concentration 
fixed at 1 71 x 10 ' gm/cc and found that particle size increases almost linearly from 35 
nm to 200 nm with increase in ZrOCh 8 H 2 O concentration from 0 005 M to 0 1 M 

1 5 Statement of the problem 

As discussed above homogeneous precipitation method is very attractive for 
preparation of nanosized zircoma particles with narrow size distribution Use of an 
organic solvent in aqueous solution containing metal salt reduces the dielectric constant 
of the mixture and when the solution is heated it becomes supersaturated and 
precipitation takes place since the solubility of the salt decreases with increase in the 
temperature 

In an earlier study preparation of nano suspension of ZrC >2 by heating alcohol 
water solution containing zirconyl chloride was reported Present study is a reinforcement 
of some that work carried out earlier It is very difficult to flocculate these zircoma nano 
particles in the suspension because the stenc stabilizing effect offered by surfactant 
dominates over electrostatic force of attraction and repulsion Separation of the 
suspended nano particle in the form of dried nanozircoma powder is proposed to be 
investigated Preparation of Gd 203 doped zircoma nano powders by the same technique is 
also proposed to be studied to stabilize the high temperature phase of Zr0 2 from room 
temperature to sintering temperature This is useful m application requiring sintered 
bodied where if not stabilized the zircoma ceramics fail under the phase transformation 
strains dunng cooling after sintenng 

One step microwave treatment produces a nano zircoma suspension with 
somewhat wider size distribution as reported in the earlier work Monodisperse ceramic 
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particles or particles with very narrow size distribution are of great importance because 
these particles can give better packing density and thereby a significant improvement in 
green and sintered densities besides having other applications An effort to produce 
nano particles of zircoma with narrower size distribution is also planned to be 
undertaken 

Nanoparticles have a high surface to volume ratio so that their properties are 
dominated by the surface characteristics The surface properties of nano particle can be 
modified by coating it with a second phase To modify the surface of zircoma 
nanoparticles by sol gel technique is proposed to be investigated 

Use of particles to reinforce vanous materials is well known Introduction of 
particles of a second phase can significantly alter the various properties of a matrix phase 
In situ precipitation of nanoparticles of metals in glass phase prepared by sol gel method 
has also been reported However use of mixing methods to prepare composite sol gel 
films has been studied on a limited scale The major problem is to obtain a uniform 
dispersion of the particles of the film In the present work we propose to study this 
problem in the case of zircoma particles m a sol gel silica film 
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CHAPTER 2 


EXPERIMENTAL 

2 1 Preparation of Zirconn Powaer 

2 11 Standard method for preparation of zirconia powders 

The starting materials used for preparation of zirconia powders arc given in Tabic 2 1 
below All reagents and solvents were used in the as received form with no further 
purification 

Table 2 1 Starting materials for synthesis of zirconia powder m the laboratory 


Matenals 

Molecular weight 

Source 

Assay 

Zirconyl Chloride Octahydrate 

(ZrOCl 2 8H 2 0) 

322 25 

C S Zircon 

Products India 

99 5% 

Isopropyl Alcohol 

(C3H7OH) 

6010 

NICE India 

99% 

Hydroxypropyl cellulose (HPC) 

80 000 

Aldrich Chemical 

Company Inc USA 


Gadolinium Oxide 

(Gd 2 0 3 ) 

362 50 

Kemphasol India 

99 9% 

Ammonia Solution (25% NH3) 

17 024 

NICE India 

99 9% 

Ammonium nitrate 

80 45 

NICE India 

99 9% 


The flowchart of the processes used for the preparation of undoped and 10 mO% Gd 2 C>3 
doped hydrous zirconia suspensions are described below 
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2 12 Preparation of undoped and 10 mol% GdzOj doped zirconia powder 
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An ordinary kitchen microwave (2450MHz 1350W+10% BPL India) was used for the 
purpose of heating the precursor solution The microwave could operate at 0 100% of full 
power A refngerator (LEONARD Model No 126A106174 Capacity 165 liter) was 
used for cooling of the solution 

The concentration ofzirconyl chloride was varied from 0 01M to 0 05M 
and the volume ratio of iso propyl alcohol to water in the starting solution was 5 The 
dispersant used was hydroxypropyl cellulose (HPC) The concentration of HPC was also 
vaned from 0 5x 10 3 gm/cc to 1 71x 10 3 gm/cc to study the effect of dispersant on 
particle size and morphology The volume of the salt solution was either 5 ml or 10 ml 
and the corresponding isopropanol volume was 25 ml or 50 ml The amounts of the 
various ingredients actually taken are given in table 2 2 


Tab!e2 2 Quantities of different ingredients taken for preparation of Zircoma 
powder 


ZrOCl 2 

8H 2 0 

Cone 

(M) 

Calc weight 

ofZrOCh 

8H 2 0 

(gm) 

Actual 

weight of 

ZrOCl 2 

8H 2 0 taken 

(gm) 

Water 

(ml) 

Isopropan 

ol 

(ml) 

Cone of 

HPC 

gm/cc 

Calc 

Weight 

of 

HPC 

(gm) 

Actual 

weight 

of HPC 

taken 

(gm) 

0 01 

0 1933 

0 1947 

10 

50 


0 1026 

0 1030 

0 02 

0 3867 

0 3867 

10 

50 

mm 

0 1026 

0 1040 

0 03 

0 579 

0 5795 

10 

50 

gym 

01026 

gy 

004 

0 773 

0 775 

10 

50 

gym 

01026 

ym 

0 05 

0 966 

0 9654 

10 

50 

ggy| 

01026 

0 1018 
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Required volume of isopropyl alcohol was taken and required amount of 
dispersant (HPC) was added to it and stirred well for 45 minutes so that HPC was fully 
dissolved in the solvent This solution was cooled to 3° C in the refrigerator Zirconyl 
chloride aqueous solution was added to this pre cooled isopropyl alcohol and stirred well 
For preparation of Ok^Oa doped sample the required amount of Gd 2 C >3 was dissolved in 
3 6 drops of concentrated HNO 3 and the solution was added to the aqueous solution of 
zirconyl chloride prior to the addition of HPC solution to this This starting solution was 
again cooled at 3° C The solution was then taken out quickly from the refrigerator and 
was heated in the microwave oven for 20 seconds at 80% power 

When the starting solution was heated it became supersaturated and precipitated 
shortly since solubility of the salt decreases with increase m the temperature To avoid 
shear induced agglomeration the starting solution was uniformly heated in the microwave 
chamber without stimng Just after taking out the solution from the microwave the pH 
was ~1 2 41 

2 3 Nucleation and Growth Study 

For studying nucleation and growth the precursor solution was nucleated at 80 % and 
100% microwave powers for 5 10 and 15 seconds respectively and then aged at 50 0 C 
for 0 to 9 hours of time The particle size of the suspension was measuied just after the 
nucleation and after different time intervals of aging at 50° C by HPPS Experiments 
were also done by filtering the precursor solution through 0 2 micron filter paper to avoid 
the discrepancy in particle size value due to dust particles and coolmg the synnge filter to 
3° C by passing the cold alcoholic solution through it Aging of the zircoma suspension 
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was done inside the HPPS instrument by setting the temperature of the equipment at 50° 
C 

2 4 Separation of Hydrous Zirconia particles from the mother liquor 

Hydrous zirconia particles prepared from precursor concentration of 0 01 M and 0 02 M 
are very stable in suspension and can not be separated merely by centrifugation The 
following method was followed to settle the hydrous zirconia particle so that it can be 
washed and dried subsequently 

A 200 ml of such suspension was heated in a hot plate kept at 80° C and the suspension 
was evaporated and thus concentrated to 50 ml After coolmg the suspension to room 
temperature dilute NH 3 solution was added to bnng the pH to ~7 8 The particles were 
coagulated and could easily be washed by centrifugation 
2 5 Washing and drying of as prepared hydrous zirconia powder 

The precipitates were washed with lukewarm 1% NH4NO3 solution by 
stirring for approximately 1 hour and then centrifuged at — 10000 rpm for 30 minutes and 
then washed with water by stirring for 30 minutes followed by centrifugation The 
process was repeated for 3 - 4 times until complete removal of Cl ion from the 
precipitates as confirmed by the addition of AgNC >3 to the drained supernatant liquid after 
every centrifugation 

The water washed precipitates were then washed with propanol at least for 
three times by stirring for -2 hours and again centrifuging at -10000 rpm for 30 minutes 
to remove propanol The propanol washed precipitate was divided into four parts and 
each part was suspended in 100 ml fresh propanol to make a dilute suspension To 
suspend the alcohol washed precipitate in fresh propanol it was untrasomcated for 10 
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seconds three times The washed and resuspended sample was then dried at 90°C in an 
oven for around 1 5 2 hours 

2 6 Crystallization of washed, dried powder of hydrous zircoma 

The hydrous zircoma powder synthesized by microwave was amorphous 
in nature So it was made into crystalline form by calcination technique 

For calcination the required amount of powder was taken in a ceramic boat 
and heated at 200° 400° and 600° C and 900° C respectively for one hour The undoped 
zircoma powder was calcined at 200° 400° and 600° C respectively for one hour The 10 
mol% CkkCh doped zircoma powder was calcined only at 600° C and 900° C for the same 
penod of time 

2 7 Characterization of Powders 

The powders were characterized using High Performance Particle Size analyzer (HPPS) 
Transmission Electron Microscope (TEM) Scanning Electron Microscope X Ray 
DifFarction (XRD) BET surface area analyzer Different instruments that were used for 
characterization are listed below 
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Table 2.3 Instruments used for characterization 


Characterization Tool 

Model 

Company 

High Performance Particle 


MALVERN 

Size Analyzer 


INSRUMENTS United 



Kingdom 

Transmission Electron 

FX 2000 

JEOL Japan 

Microscope 



Scanning Electron 

JSM 840 A 

JEOL Japan 

Microscope 



X Ray Diffraction 

ISODEBYEFLEX 2002 

RICH SEIFERT & CO 



Germany 

BET Surface Area Analyzer 

VECTOR 22 

COULTER 


2 7 1 Measurement of Particle Size by High Performance Particle Size Analyzer 

There are two options for measuring particle size value by High 
Performance Particle Size Analyzer namely manual mode and SOP (Standard Operating 
procedure) mode In the present study manual measurement was performed by selecting 
Measure Manual The measurement parameters dialogue (with three tabs) appeared and 
allowed the operator to set all measurement options These three tabs are documentation 
sample setup and measurement setup tab respectively The documentation tab gives the 
option of sample name and also comments on the sample Temperature solvent or 
dispersant properties (viscosity and refractive index) and sample property (refractive 
index for calculation of volume distribution) are fed in the sample setup tab 
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Measurement setup tab allows a control over accuracy and repeatability of the 
measurement quality by Normal Enhanced and Custom settings The difference between 
normal and enhanced setting is the time it takes to make a measurement An enhanced 
quality measurement may take much longer time compared to normal quality 
measurement and will give more stable distributions The custom setting can be used to 
manually define the number of runs and run duration In the present study it has been 
found that the HPPS run in the custom setting produced inconsistent results 

The fundamental size distnbution generated by DLS technique is an 
intensity distribution The X axis shows a distribution of size classes while Y axis shows 
relative intensity of the scattered light The results section gives three information 1 e Z 
average size (also known as cumulants mean) polydispersity index and peak modes 
2 7 2 Sample preparation for particle size measurement of particles in mother 
liquor by HPPS 

Measurement of particle size by HPPS requires a well dispersed stable suspension 
which does not settle dunng the entire measurement Hydrous zircoma suspension 
prepared from a precursor concentration of upto 0 03 M ZrOCl 2 8H2O is stable enough 
for measurement within a time range of 4 hours But samples prepared from a precursor 
concentration greater than 0 03 M ZrOCl 2 8H 2 0 settle down fast Oust after few minutes 
of preparation) So these need further treatment for HPPS measurement 

For this first 1 0X10 3 gm/cc of HPC was dissolved into propanol Then 
few drops of the mother liquor (usually 35 drops) are added to this propanol HPC 
solution (usually 15 ml) This suspension was stirred well and subjected to 
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ultrasomcation for better dispersion After that the sample was measured for particle size 
by HPPS 

2 7 3 Sample preparation for particle size measurement of dried powder by HPPS 

Dried powders also need further treatment for better dispersion For this purpose a 
0 01 gm of powder was added to 30 ml of propanol containing 1 0 X 10 3 gm/cc of HPC 
Then the solution was stirred well and ultrasonicated to break the agglomerates Then few 
drops of this suspension (usually 35 drops) were again added to 15 ml of propanol HPC 
solution and again stirred and ultrasonicated for better dispersion After that the sample 
was ready for measurement by HPPS 
2 8 Measurement of Viscosity 

Viscosity values of the solvent/dispersant are required by HPPS for measuring the 
particle size of any suspension 

Viscosity of the suspensions was measured by using THE 
BROOKFIELD DIGITAL VISCOMETER (LV model) The operating procedure and 
precautions during measurement are given in appendix B Table 2 14 shows a typical 
example for measurement of viscosity for a sample 
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Table 2 4 Measurement of viscosity for zirconyl chloride suspension 


Spmdle 

number 

Speed 

(rpm) 

Sample 

details 

Factor 

Actual 

reading 

Viscosity 

(cps) 

18 

12 

0 01M ZrOCb 

20 

3 2 

64 

30 

SH 2 0 1 71X 10 3 

1 0 

6 1 

61 


60 

gm/cc HPC 

pH=2 41 

05 

11 0 

55 


To convert viscometer dial reading to viscosity (in centipoises or mPa s) 
the actual dial reading should be multiplied by the corresponding factor for 
corresponding speed From the above Table it is observed that for 60 rpm speed 
Viscometer dial reading is 110 So this reading must be multiplied by the 
corresponding factor 1 e by 0 5 and ultimately viscosity becomes 5 5 centipoise 
2 9 Preparation of samples for tem observation 
2 91 Preparation of Formvar solution for coating of TEM grid 

A 2% solution was made by dissolving 2 gm of formvar powder (Ernest F 
Fullam Inc NY) in 100 ml of chloroform and shaken slightly and then kept overnight so 
that the formvar dissolved fully Then the solution was filtered through Whattman 41 
filter paper to remove impurity materials Initially 0 4 0 5 and 1% solution were 
prepared but these produced so thin film that it was not possible to separate from the 
glass slide Therefore 2 % solution was considered to be the optimum concentration for 
producing the thin film The film thickness also depends on other factors like speed with 
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which fonnvai solution is taken out of the funnel If the speed of the formvar is high then 
it gives thick film and if slow then it gives a thin film 
2 9 2 Piocedure for coating of TEM grids 
Tor coating of TEM grids following items were required 

1 Copper gnds Type G400 (Polaron Equipment Ltd Watford England) with mesh size 

300 (l e 300 parts per inch) and diameter 3 05 mm 

2 Poly vinyl formal formvar (Ernest F Fullam Inc NY) 

3 Scalpel Blade with handle 

4 Fine pointed forceps (VIGOR, B Jadow Inc Switzerland) 

5 Separating funnel with a stop cock (50 ml) 

6 Distilled water 

7 Glass slides (Blue Star) 

8 Petndish 

First glass slides were washed with vim powder and then with distilled water 
before nnsing it with acetone The slides were gently wiped by a tissue paper To 
further check if the slides was clean the slides were seen against light and if there were 
any spots then those were removed because the film sticks there and then it becomes 

extremely difficult to take out film from slide 

Formvar solution was poured in 25 mi funnel after closing the cock m such a 
way so that almost half of glass slide could be immersed within formvar solution Now 

the glass slide was put within formvar solution gently and the stopcock was opened 
The speed of the draining solution can be changed according to the thickness required 

but one constant speed should be maintained throughout The slide was gradually taken 
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out of the funnel after draining out of the whole solution. Normally there was some liquid 
remaining at the end of the slide. Now a formvar film adhered at both sides of the slide. If 
the film is too thick then it shows coloration. But if it is thin then it is difficult to make 
out as to how much area it is covering. This can be checked by blowing some air from 
mouth that makes the film visible. 

With the help of a blade the comers of film were scraped off and then that end 
of the slide is immersed in water. Then with the help of a knife one end of the film is 
separated from the slide. Once one end of the film starts coming out, the rest comes 
slowly due to force exerted by water. Sometimes it is difficult to separate the last end of 
the film from the slide. So at that time it is wise to cut that end with great care so that the 
other part of the film is not damaged. Once all of the films comes out it floats on 
water. With the help of a forecep grid was then was put on the film so that dull or rough 
side adhered to film ( that is upside down). Another glass slide was taken and its’ one 
end was gently put on one end of the film and quickly raised so that film also came on the 
slide along with the grid positioned in between film and slide. The coated grid was dried 
under a lamp for 30 minutes. 

2.9.3 Sample preparation for mother liquor and dried powder for TEM analysis 

The sample preparation technique for mother liquor and dried powder has 
already been discussed in the earlier section. For TEM analysis of the mother liquor small 
volume of the sample was taken out in a pipette. Then one drop of this suspension was 
placed over the coated grid still sticking to the glass slide. Care was taken so that the tip 
of the pipette does not touch the grid, otherwise the fragile coating could break. . The grid 
was put under a lamp for nearly 30 minutes so that it dried. The grid was then separated 
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fiom the glass slide gently using scalpel blade This grid was then ready for observation 
in 1 CM 

For TEM analysis of the dried powder nearly 0 01 gm of the dried powder 
was dispersed in 30 ml of solvent (either isopropyl alcohol or water) by ultrasonication 
with FISHER sonic dismembrator model 300 for 10 minutes Then the suspension was 
allowed to cool down to room temperature The rest of the methods is same as discussed 
above The particle size and moiphology were observed by using a Transmission 
Electron Microscope (JEOL FX 2000 Japan) The electron microscope was operated at 
120 KV 

2 10 Scanning Electron Microscope 

The distribution and morphology of zircoma particles in composite films was 
observed using a JEOL JSM 840 scanning electron microscope All micrographs were 
taken in secondary mode 

The sample for SEM charactenzation was prepared by depositing a drop of the powder 
suspension on a glass slide The dried sample on the glass slide was then coated with Au- 
Pd which gives high electrical conductivity to the sample 

A POLARON Sputtering system was used to deposit the Au Pd thm film in argon 

environment The conditions were 

Vacuum = 100 mihtorr 

Plasma discharge current= 10 12 mA 

Plate DC Voltage = 4 5 mV 

Time= 25 minutes 
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This gives a gray black film over the powder The substrate was then glued to the SEM 
sample hotdei to fix it tightly Carbon paint was used to make contacts between the Au 
Pd film and the sample holder to prevent discharging of the secondary electrons 

2 11 Measurement of Zeta Potential 

The zeta potential can be calculated if the mobility of the particles under an externally 
applied electric field can be measured This eletrophoretic mobility is given by 
p== v/E 

where v is the velocity of the particle under a field E= V/ d d being the distance between 
the electrodes 1 he zeta potential in SI unit is given by 

£ - 3; /A 
2 C £ 0 

A 1 00 ml 0 01 M Z1O2 suspension in isopropanol was prepared by ultrasoniactmg it for 
10 minutes Then the solution was divided into five parts and the pH was adjusted to2 

3 4 5 5 6 and 7 by using HN0 3 or NH4OH The cell of the electrophoresis apparatus 
was cleaned by distilled water Enough of the prepared suspension was poured in the cell 
so that the platinum electrodes can be half immersed The electrodes were inserted in the 
correct position The micioscope was focused to see the particles in the suspension Ftrst 
the microscope was set to the first wall position of the cell and then it was adjusted at a 
position 0 136 mm away from the first wall position to focus on the particle m the 
suspension Table 2 1 shows a typical example for adjustment of wall position to focus 
the particles in suspension through the microscope 
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I able 2 5 Detei ruination of focal distance of microscope 


Initial Wall position (mm) 

Going inward (mm) 

Focusing position (mm) 

12 98 

0136 

12 844 


A varying voltage from 24 to 80 Volt was applied to the suspensions with different pH 
The tune taken by the particle for traveling 3 grids m the eyepiece was measured The 
polanty of the field was reversed and the measurement was repeated either on same or 
different particle At least 5 such pairs of measurements were taken on different particles 
The average time taken by the particles for traveling 3 gnds was calculated and using the 
given value of spacing between the gnds (0 0467 mm) the average velocity was also 
calculated The mobility of particles was derived by taking the distance between the 

electrodes as 8 79 cm 

2 12 Measurement of silica gel coating on zirconia particle 

The silica gel was prepared by mixing together ethyl alcohol TEOS water and HC1 The 
composition of the mixture was I ml TEOS 1 ml water 01 to 30 pL of HC1 ( to 
maintain the pH of the suspension 3 5)and the remainder being ethvl alcohol in a total 
volume of 100 ml The mixture was stirred for 1 hr A suspension of zirconia particles of 
115 nm (average dia) was then added to bnng the concentration of zirconia in the 
solutton to approximately llx 10“ gm/ (ml of solution) This suspension was then plated 
m the cell of the instruments and the measurements were earned out after d.fferenttimes 
The zeta potential of the ztrooma particles was measured at 27 ± 1»C because a, htgher 
temperature the high vapor pressure of alcohol makes the measurements difficult 
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2 13 Studying pai tide distribution and arrangement m a composite film using 
1 LOS and sui factant (HPC) simultaneously 

2 13 1 Preparation of TEOS sol To prepare TEOS sol 1 ml of TBOS was added 
to 95 ml of ethyl alcohol and to this 1 ml of water was added inside the glove box and 
stirred for 20 minutes pH of the solution was adjusted from 3 5 to 5 by HC1 diluted with 
ethylene glycol After adjustment of pH the total volume of the solution was made 1 00 ml 
by adding requisite amount of ethyl alcohol This TEOS sol was aged in beakers for 
different days at ambient temperature 

2 13 2 Preparation of TOSOH zircoma suspension TOSOH zircoma suspension 
was prepared by dispersing 0 005 volume % of powder m isopropanol HPC solution 
First IIPC solution in isopropanol was prepared by dissolving required amount of HPC in 
30 ml of isopropanol by stirring for 45 minutes HPC concentrations were varied from 
0 002 x 10 3 gm/cc to 0 032x 10 3 gm/cc of solvent To this HPC solution the required 
quantity of TOSOH zircoma was added and dispersed by ultrasomcation for 10 minutes 
Zircoma suspension with no HPC was also prepared by the same method 

213 3 Preparation of alumina suspension First 0 005 volume % of powder was 
weighed m a beaker and then 1 ml of water and 29 ml of isopropyl alcohol were added to 
it and stirred for 10 minutes The pH of the suspension was adjusted to 4 by using dilute 
HC1 After adjusting the pH the suspension was dispersed by ultrasomcation for 10 

minutes 

30 ml of TEOS sol aged for drfferent days ('/* 1 2 days) was added to fas freshly 
prepared zircoma or alumina or silica suspense and kept for drfferent hours 
undrsturbed After afferent hours of reaction time the suspens.on was stored with a glass 
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rod and a drop of this suspension was taken on a glass slide The drop was dried at oven 
at 60° C / 1 10 0 C for 6 hours and observed under SEM 

2 14 X Ray Diffraction 

The phases present and the crystallite size were determined by x ray 
diffraction technique XRD pattern of the powder sample was taken with a RICH 
SEIFERT ISO DEBYETLEX2002 diffractometer using CuKa (X=l 54184A) radiation 
with a monochromator The powders of the requisite sample were packed on a glass slide 
to make the specimens and the surface of the powder was smoothened by pressing 
anothei glass slide over it The powder was soaked with a few drops of methanol for 
securing adhesion to the glass slide 

1 he x ray diffraction plot of the samples was taken between 26 = 20° and 


20 = 80° The conditions of the diffraction are as follows 
Current voltage 20 mA, 30 KV 

Time constant 
Beam slit width 
Detector slit width 
Scanning speed 
Full scale intensity 


1 0 seconds 
2 mm 
0 3 mm 
3°/ mm in 20 
5 000 or 10 000 cpm 


A computer recorded all intensity versus angle data via an interface and 
produced a plot The position of peak, corresponding relative intensities and the 
mterplanar spacing (d) were obtained from the computer The d values were calculated by 

using Bragg s formula 
nX, =2d smO 
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where n order of reflection (1 ) X - wavelength of incident x ray (1 541 84 A), 
d = interplanar spacing and 8 = angle of diffraction 

Ihe phase analysis and indexing of the peaks were done by matching the peak 
positions and relative intensities with standard data (JCPDS files) 

The average crystallite size of the powder was found by using Scherrer formula 

t = 09Jl 
flcosO 

Where t= cryst illite size 

X- wavelengtli ofiadiation 

P= corrected full width at half maximum ( FWHM) 

0 = diffraction angle 

The intensity - angle data for each plot was retneved from the computer replotted and 
analyzed using graphical software 

The uncorrected FWHM (Bo) measured from the plot has several components other than 
broadening due to crystallite size They are 

(l) Instrumental broadening 

(u) Broadening due to spectral width i e the X ray itself consists of two components 
having slightly different wavelengths 

(m) Broadening due to stress in the crystal 

Broadening due to the spectral width was corrected by finding the K a doublet 
separation d at the 20 value of interest from figure 2 1 Knowing d and B 0 the 
uncorrected FWHM for the sample the value of B the half width corrected for K a a 
broadening was determined from figure 2 4 For correction of instrumental broadening 


46 



the X ny diffractogram of the strain free coarse silicon powder under similar conditions 
was used 1 he half widths for the peaks for (111) (220) and (311) corrected for spectral 
width was obtained as for the sample This is called b It is plotted against 20 (figure 
2 3) and the value of b at 20 corresponding to the sample peak is read from the plot Now 
we have B and b the corrected widths of the sample and silicon respectively Then 
figure 2 4 is used to read off the values of (3/B corresponding to the value of b/B 
obtained as above P is the desired half width after correction for structural width and 
insliumuitil broadening This P is used in the Scherrers formula to determine the 
crystallite si/e lor cilculation of the crystallite size generally the first peak is 
considered but for undoped sample the peak at 60° was taken into consideration 



Figure 2 1 Angular separation of the K« doublet as function of 20 
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lugui e 2 2 ( urvcs foi cori ectmg line breadths for the K« doublet broadening 
A is for Jones coi rcction curve 
C and D are for Gaussian and Cauchy Distribution 
L is loi profiles intermediate between Cauchy and Gaussian type profiles 



Figure 2 3 Correction full width at half maximum for silicon as a function of 
diffraction angle 
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Figure 2 4 Curves for eorreetmg X ray drfTractometer line bredlhs for mstrumeutal 
bi oadcmng under conditions of high resolution 
2 15 BL1 surface area measuiement 

Minimum of 0 1 grm of powder is required for surface area measurement The 
sample was degassed at 1 20 C for half an hour and then again weighed to determine the 
losses flic tube containing the sample was then evacuated and dry nitrogen gas was 
passed through it and the adsorbtion isotherm was observed The sample tube is brought 
back to the room temperature and the desorbtion isotherm was observed The surface area 
was then calculated from the adsorption and desorption isotherm using BET equation 

The particle size was also calculated using the specific surface area data, 

by the equation 



Where <f> is the average diameter of a sphencal particle S is the surface 
area of a powder and p is the density value of sample 

In calculating the particle size from BET surface area the density of the dned powder 
was taken as 50 % of the theoretical density (6 1 gm/cc) of zircoma 
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CHAPTER 3 
Results and Dismxsinn 


3 l Prqmuition of hydious zncoma particles by Microwave Heating 

Hydrous zucorm suspension was prepared from aqueous ZrOCl 2 solufron by adjusting 
the dielectric constant using isopropyl alcohol and hydroxy propyl cellulose (HPC) as a 
surfactant to prevent agglomeration Precipitation occurred on heating from 3 0 C to ~ 80° 
C by miciowave heating as discussed in die last chapter The effects of various variables 
on pat tide si/c and morphology are first described below 

3 2 Effects of various pai mneters on particle size of hydrous zircoma 
3 2 1 Effect of hydi oxy propyl cellulose (HPC) concentration 

To determine the effect of IIPC concentration on the particle size experiments were 
conducted using solutions oi different HPC concentration but a fixed ZrOCl 2 
concentration I he microwave power and duration of heating were kept constant at 80% 
and 20 seconds The particle sizes obtained for different HPC concentrations are given in 
1 able 3 1 and plotted in figure 3 1 The particle size is seen to decrease from 173 nm to 82 
nm as the IIPC concentration is increased from 0 5 x 10 3 gm/cc to 1 71 xlO 3 gm/cc at a 
fixed /KX 1 concentration of 0 01 M HPC molecules stencally hinder the process of 
agglomeration between the particles dunng precipitations and thus help in minimizing the 
particle size At lower concentration the amount of HPC molecule may not be sufficient 
for monolayer adsorption onto the particle surface and thus is somewhat ineffective in 
preventing the particle agglomeration After a certain HPC concentration (1 71x 10 3 


50 



gm/cc) theie is no benefit of using more HPC because at that concentration the HPC 
molecule is sufficient to cause monolayer adsorption onto the particle surface and more 
amount of HPC is of no use to prevent particle agglomeration 

Tablc3 1 Variation of paiticlc size with HPC concentration at a fixed ZrOCb 
concenti ation of 0 01 M 


HPC 

concentration 

gm x 10 Vcc 

Diameter 

(nm) 

Width 

(nm) 

PDI 

05 

173 1 

17 

0 127 

0 75 

146 6 

26 

0 152 

1 

95 

27 

0 085 

1 25 

86 

22 

0 086 

1 5 

84 

21 

0 087 

1 71 

82 

20 

0 079 
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HPC Concentration (10 gm/cc) 

I< igui c 3 1 Pa i tide Si/c variation of hydrous zirconia m mother liquor as a function 
of HPC tonctnli ation at a fixed ZrOCI 2 8H 2 0 concentration (0 01 M) 

3 2 2 Fflett of /i OC 1 2 concuiti ation 

Lffect of ZiOCl 2 concentration on particle size was studied using 0 01 0 02 0 03 0 04 
0 05 M of zirconyl chloride concentration at a fixed HPC concentration (1 71x 10‘ 
gm/cc) The results arc given in Table3 2 and plotted in figure 3 2 The experiments 
showed dial die particle size ol the hydrous zirconia increases nearly linearly with the salt 
concentration l hn m ly be explained by the fact as the salt concentration is mcreased die 
IIPC conccnliation may not be sufficient to cover up all the nuclei and steneally hinder 
the particle arowth piocess Thus a larger particle size is obtained when the precursor 

concentration (/iOCI?) is highei 

1 

1 


t 

1 

1 

1 


? 

t 

I 
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Tabic 3 2 Vmalion of parl.dc s^e with ZrOCt 2 8 H 2 0 concentration at HPC 
concentiation of 1 71 x 10 3 gm/cc 


/iO( \j 8 iio 

C onccnlntion 

(M) 

Diameter 

(nm) 

Width (nm) 

PD1 

0 01 

83 

35 

0 0134 

0 02 

102 

34 

00116 

0 03 

123 

29 

0 056 

0 04 

125 

31 

0 069 

0 05 

138 

31 

0 066 


HPC Concentration 1 71 x 10 gm/cc 

100 1 
1 / 0 - 
100 ’ 

io- i T 



00 - 1 
/o ’ 

00 - 

0 

40 

1 — — i 1 . i 1 i 1 r~ 

0 01 0 02 0 03 0 04 0 OS 

Zr0CI 2 8H 2 0 Concentration(M) 


Figure 3 2 Particle Size of hydrous zircoma in mother liquor as a function of 
ZrOCfe 8II 2 0 concentration at a fixed HPC concentration (1 71x 10^ gm/cc) 
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I able 33 pH of the as prepared suspension 


ZrOCh 8 H 2 0 

pH 

Concentration (M) 


0 01 

24 

0 02 

21 

0 03 

1 68 

0 04 

1 55 

0 03 

143 


In the picvtous work a somewhat higher particle size value of the as prepared suspension 
was leported l his nny be due to the lower pH of the mother liquor during the particle 
size me isurement m the present case (Table 3 3) It was changed to 7 8 in the earlier 
work The high acidity of the mother liquor helps in degradation of polymeric form of 
hydrous /lteonu thereby i educes the particle size value to some extent 

3 2 3 1- fleet of ultra somcation in reducing the particle size of hydrous z.rcoma m 
mothei liquor 

Ultrasomciucm plays some roles m drspersmg the partrcles and thereby reduemg the 
measured pai Hole si/e as is evident from the Table 3 4 
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T»We 3W Vai uiUoil of pa, tele sue of hydrous 2, rco.ua from precursor 

concentration of 0 0) M (/rOCfe 8 11,0) w.th vanous nme .uterval measured by 
HPPS 


SI No 

I nnc interval (mm) 

Particle Size (nm) HPPS 



Average diameter 

Average width 

1 

10 

91 

51 

2 

180 

91 

15 

1 

190 

89 

21 

4 

205 

85 

25 

5 

815 

86 

33 

6 

900 

94 

36 

7 

960 

102 

35 

8 

1180 

99 

51 


Tabic 3 5(b) Variation of particle sue of hydrous zirconia from precursor (ZrOCI 2 


8 lljO) concentration of 0 1 M with various tune interval measured by HPPS 


SI No 

1 ime interval (min) 

Particle Size (nm) HPPS 



Average diameter 

Average width 

1 

15 

415 

166 

2 

45 

454 

190 

3 

75 

353 

129 


140 


282 


149 





lhc. pit tick. si/c of hydious zuconn suspension prepared from low precursor 
concent i lit on (0 01 M) ictnuns unaltered for very long duration compared to that 
picp utd fiom high piccutsoi concentnlion (0 1 M) the latter shows clear sign withm 2 
hrs of tunc picpu ilion Aflu 2 hours the suspension was clear instead of usual milky 
white I his indie itcs tint within two hours the particles have dissolved and acquired a 
vciy low si/c lhc size of 282 nm measured after 140 minutes is because of the usual 
picscnu of i lew 1 tfgc dust pu tides 1 iom tlie dissolution characteristics of the hydrous 
/nconi l suspension ft is evident fit it suspension with higher pH remains stable over long 
range ol time hut the suspension with lower pH dissolves readily within very short period 
of time I Ins may he hoc tuse of the presence of higher concentration of ff m case of 
lowu pH suspension th U effectively biuks away the oxygen budges in hydrous zircoma 
and helps in dissolution of the sime 

3 4 Par tide si /e via i ition m the drie d powder 

Drying is a vety etftteil stage in case nano powder synthesis To get fine dried nano 
powders ft should be well dispersed in propel solvent before drying at optimum 
temperatute to pt event agglomeration l he alcohol washed precipitate was further dil 
with isopropyl alcohol and dispersed by ultrason, action for long time The well dispersed 
alcoholic suspension was poured m a large fiat Petn dish and dried in an oven at 90° C 
for 6 hours Powders weie prepared by varying the concentration of ZrOCl 2 8 H 2 0 from 
0 01 M to 0 05 M at a fixed HPC concentration of 1 71 x 10 gm/cc Table 3 6 th 
particle sue of undoped hydrous zircoma powders prepared from Afferent ZrOCl 2 8H O 
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conccnti ition uul vimlion of puude sue with ZrOCl, s u n 

rUU ° 8 H zO concentrations has been 

depicted m iij me 1 


'* bh J<> l> ‘" ,,C,C S « » f «" d >'«l powder (undoped hyd TO u s 

by HITS allu tcdispcrsion in piopanol 


zirconia) measured 


( oncenti ation of l)iainctci~<mn)~ 
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figure 33 Particle Size of hydrous zirconia dried powder as a function of 
/ rOC 1* 811*0 concentration at a fixed HPC concentration (1 71x KT 3 gm/cc) 
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As expected the put tele si/e values of the dried powder increases with increase in the 
pi cun soi (/iCX 1 811 0) concent! ntion The particle size of the dried powder is nearly 
40% hiphci th in th vt ol as prepared particles of hydrous zirconia in the suspension 
( 1 able 0 2) l lus is most likely due to the agglomeration of the particles dunng the drying 
pioeess 1 hese inplomcratc separately do not break during redispersion for particle size 
mcisuicmcnt I he higher polydispersity index (0 35 to 0 45 Vs 0 01 to 0 07) also 
supports this conclusion 

1 he Cid Oi doped /neonia powders has been prepared by the same method as the 
undoptd powdu as described in section 2 Table 3 7 shows the values of particle size of 
the doped powders piepued fiom different precursor (ZrOCfe 8H2O) concentration 
Tigutc 3 4 gives the vamtion in particle size value with change m ZrOCl2 8H2O 
concent! tlion lor doped powdus 

I able 3 7 Particle si/e of the 10 tnol% Gd 2 0 3 doped Zr0 2 as prepared dried 
powders 


C oncentration of 7 iOC1 2 8 II 2 0 

Diameter 

Width 

PDI 

( with 1 0 mol% CJd 2 ()j) ( M ) 

(inn) 

(nm) 


0 01 

115 

63 

0 250 

0 02 

119 

57 

0122 

0 03 

174 

55 1 

0 398 

0 04 

208 

57 

340 

6 or ~ 

224 

61 

0 374 
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Ingmc 3 4 Paiticle Size of doped (10 mol% Gd 2 0 3 ) zircoma dried powder as a 
function of ZrOCfe 8H 2 0 concentration at a fixed HPC concentration (1 71x 10 3 
gm/cc) 

Prom the particle size data of both doped (Table 3 7) and undoped (Table 3 6) dried 
powders it is evident that the particle size values in two cases do not vary much That is 
to say that presence of 10 mol% Gd 2 0 3 does not affect the solubility of ZrOCl 2 in the 
alcohol water system during cooling to 3° C and subsequent heating to nearly 80 C 


3 5 Surface area of di led powder 

The BIT surface area of the amoiphous dried powders was measured by using a 
COULTER SA3100 instrument The surface area measured for 10 mol% Gd 2 0 3 doped 
ZrOj powders prepared from different ZrOCl 2 8 H 2 0 concentration but at a fixed HPC 
concentration of 1 71 x 10 3 gm/cc has been g,ven tn Table 3 8 The hydrous ztreoma 
powders are not calcined and a certain amount of HPC (Hydroxy Propyl Cellulose) are 
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attached to the particle surface So the density of the amorphous dried powder will be 
much lower th in tlie theoietical density ofzirconia ( ~6 gm/cc) Taking a density of dried 
powdei to be neatly 50% of the theoretical density of zircoma the particle size values 
ol powders tie calculated from BET surface area Particle size of the dned powders as 
measured fiom the BET surface area is much lower than those obtained from HPPS 
measurement oi TEM observation This may be explained by the fact that the particles 
observed in the TEM micrograph are made of smaller elementary particles and the 
particle surface being poious the inert gas used for BET surface area measurement enter 
the sutficcs between the elementary particle resulting in a much higher surface area and 
consequently a much lowei particle size of the dried powder As shown later the 
elementary particle size from BET surface area is nearly equal to the crystallite size 
determined by X tay diffraction line broadening 


Table 3 8 Measurement of BET surface area of the as prepared dried powder 


ZrOCls 8 1I 2 0 (M) 

Surface area (m 2 /gm) 

Particle size (nm) 

0 05 

138 

12 

004 

264 

8 

0 01 

309 

6 


3 6 TEM observations of hydrous zircoma particle in mother liquor and dried state 

To observe the particle morphology and dispersity of the hydrous zircoma particle m 
mother liquor and after drying the hydrous zircoma samples were characterized using 
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been described 


in section 2 


ISO nm 


Figure 3.5 ; TEM micrographs of hydrous zirconia particle in mother liquor 
prepared from (a) 0.01 M' and (b) 0.02 M ZrOCh. 8 HjO . 



F igurt 3.5 (a) and 3.5 (b) are the TEM micrographs of hydrous zirconia in mother liquor 
prepared from 0.0 1 M and 0.02 M ZrOCl 2 . 8 H 2 0 respectively. The micrographs show a 
well dispersed suspension of hydrous zirconia particle in mother liquor. 


( a) 120 nm 



Figure 3.6: TEM micrograph of the dried hydrous zirconia powder (dispersed 
inisopropanol) prepared from (a) 0.01 M and (b) 0.02 M ZrOCh. 8 H 2 0. 
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One of the main challenges in nano particle synthesis is to get dried nano powders in 
unagglomerated form. Figure 3.6 (a) and 3.6 (b) showthe TEM micrograph of the dried 
hydrous zirconia powder (dispersed in isopropanol) prepared from a precursor 
concentration of 0.01 M and 0.02 M ZrOClj. 8 H 2 0 respectively. From these figure it is 
evident that the dried powders can be redispersed in isopropanol. 

During washing of hydrous zirconia particle some HPC molecules are also removed 
from the particle surface. As there is not sufficient coverage by HPC molecule in the 
dried hydrous zirconia particles they may join together through the uncovered particle 
surface and form a chain like structure as depicted in figure 3.7. 



Figure 3.7: TEM micrograph of the dried hydrous zirconia powder (dispersed in 

isopropanol) prepared from 0.03 M ZrOCl 2 . 8 H 2 Q. 

3.7 Two step preparation of particles to obtain narrow size distribution 

Monodisperse powders or powders with very narrow size distribution are very useful in 
the sense that they give a high packing density and thus a very good green and sintered 
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density Ilydious zirconn powder prepared via one step process by microwave heating 
lot 20 seconds it 80 /o microwave power show particles with fairly large size distribution 
[ 1 lg 8 9 (i)J Io minimi/e the polydispersity of the powders and to obtain powders with 
nanow st/c distribution two steps heating process was adapted as described in chapter2 
In the first step nuclei ire ptoduced by heating the precursor solution for a short time 
In the second step the suspension is aged at a lower temperature of 50° C to allow 
controlled growth of the particles The results obtained for different experiments are 
tibulUed below 

I able 3 9 (a) Paiticlc si/c va« rntion of hydrous zircoma for heat treatment of 5 
seconds at 80 % microwave power 


Preeursoi 

Microwave 

ti entment 

Processing 

condition 

Holding 

Tempr 

(°C) 

Holding 

Time 

(hr) 

Particle 

size 

(nm) 

Width 

(nm) 

0 01M 

At 80% 

Cooling to 

25 

0 

167 

100 

/iOCI 8 

powei for 5 

3° C and 

50 

1 5 

87 

150 

ihO 

second 

then micro 

50 

25 

91 

110 

UPC 171 


wave 

50 

3 5 

93 

110 

X IO 1 


heating 

50 

6 

93 

20 

gm/cc 


(no 

50 

7 

88 

20 



filtration) 

50 

8 

87 

15 




50 

_ 

9 

89 

15 
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1 he p vi tide size v due me vsured after nucleation at 80% microwave power for 5 seconds 
t c it /uo holding time is quite high and decreases with the holdmgtime [Table 3 9 (a) ] 
l his unusuvl lesult is m artifict This arises because at zero or short times the actual 
p u tide si/e is quite small and is overwhelmed by the presence of a few larger dust 
pit tides is described earlier With increasing holding time at 50 0 C the initially formed 
nuclei grow ind begin to dominate the contribution from the dust particles Hence there is 
i deere ise in the measured particle size The purpose of this two steps process was to 
obtnn v nmow p article size distribution This objective is fulfilled Another important 
observition is tint with moieising aging time the particle size distribution becomes 
n in owu uid iftci 8 hours the width m the particle size distribution is only 15 nm 

1 1 M miciographs fiom the drops of mother liquor dried on TEM grids are shown 
in figure 3 8 ( i d) Ihe particle size just after the nucleation step is quite small ~ 12 nm 
( fig 3 8 (a) The particle size increases with aging time Thus it is nearly 28 nm 38 nm 
and 47 nm after aging times of 1 5 hrs 6 hrs and 8 hrs respectively The narrowness of 
the particle size distribution is not so appeared from their figure especially that at higher 
aging times but in the HPPS data it is unmistakable 
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(d) 



I' igm (38 18' IV) mu' i ogiaphs from the drops of mother liquor dried on the TEM 
g« ids aftei ( i) nucleation (b) l 5 hrs of aging (c) 6 hrs of aging and (d) 8 hrs of aging 

Table 3 9 (b) Particle si/c variation of hydrous zirconia for heat treatment of 10 
seconds at 80 % microwave power 


Pi a ursor 

Miuo 

wave 

trealm 

ent 

Processing 

condition 

Tempr 

C C) 

Holding 

Time 

(hr) 

Particle 

size 

(nm) 

Width (nm) 

0 01 M 


Cooling to 

10 

0 

156 

150 

/r()( 1; 8 

80% 

3° C and 

50 

1 

103 

20 

tro 

power 

filtered 

50 

2 

109 

20 

UPC 1 71 

for 10 

before 

50 

4 

109 

50 

r* 

o 

X 

second 

micro 

50 

6 

114 

50 

gm/cc 


wave 

heating 

50 

7 

115 

50 
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Io minimize the trioi in the particle size value due to the presence of dust particle the 
same cxpuiment was conducted by Filtering the precursor solution through the 0 2 
micron filtci pnor to the microwave treatment at 80% power for 10 seconds But yet the 
p n tide si/e aflci the nucleation stage was quite high (Table 3 9 b) This is to say that it is 
very difficult to eliminate the influence of dust particle m the particle size value measured 
by IIP PS instrument Here the particle size value after aging at 50° C is little bit higher 
compared to the previous case and the width becomes narrower (20 nm) within 1 hour of 
tging vl 5()° ( A ltd 4 houis of aging time the width in the particle size distribution again 
inu eases (SO nm) Ihc largei size is due to longer heat treatment (viz 10 seconds Vs 5 
seconds) in the first step 

I able 3 9 (c) Paiticlc size variation of hydrous zirconia for heat treatment of 1 5 
seconds at 100 % microwave power 


Precursor 

Microwave 

treatment 

Processing 

condition 

Tempr 

(°C) 

Holding 

Time 

(hr) 

Particle 

size 

(nm) 

Width 

(nm) 

001M 

At 100% 

Cooling to 


0 



/tOCI,8 

power for 1 5 

3° C and 

12 

1 

165 

80 

11,0 

second 

filtered 

50 

2 

109 

20 

npc i 7i 


before 

50 

3 

112 

20 

X 

o 


micro 

50 

45 

111 

25 

gm/cc 


wave 

heating 

50 

7 

109 

100 
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I iblc 3 9 (e) shows the results for the case when the initial microwave treatment was 
earned out loi IS seconds with 100% microwave power Table 3 9 (c) indicates that the 
P trticle size v dues are higher than those at Table 3 10(a) but smaller than at Table 3 9 
(b) tnd width becomes narrower (20 ntn) within 1 hour of aging at 50° C but it increases 
with increase in the aging time The increase in width of the distribution after 7 hours of 
aging is not understood 

Compiling the above three methods for producing particle with narrower size 
disti lbutton it cm be concluded that for an initial heat treatment of 80 % microwave 
powei lor 5 seconds md iging at 50° C gives a particle size with very narrow width (15 
nm) even ifler 9 houis of aging at 50° C and the particle width keeps on decreasing with 
incieisc in aging tunc For all other cases the width in the particle size distribution 
mere iscs allei eerl tin time of aging So heatmg the precursor at 80 % microwave power 
lor 5 seconds and then aging at 50 0 C for long hours is the best way of producing nano 
particle ol hydrous /ireonia with very narrow size distribution Figure 3 10 compares the 
particle si/c distribution between one step and the two steps process The distribution for 
the two steps process [figuie 3 9(b)] is much narrower (15 nm) compared to that (37 nm) 
in one step process (figure 3 9(a)] 
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Figure 3 9 Size dBlnbuhou of hydrous z,rcou,a prepared by (a) siugle step process 
(b) by the two steps process 
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Ilyd.ous /iiconn papuod vn two steps process that is fist nucleation at 80% 
microwave powu for S seconds and then aging at 50 0 C upto 8 hrs shows a very 
nmow p u talc si/c distribution whereas tire single step treatment by 80 % microwave 
powei foi 20 seconds pioduces hydrous zircoma with wider particle size distribution 
1 his in ly be explained by the fact that in single step process the nuclei form over a period 
of tunc and thcicby the growth occurs in some nuclei much earlier than m the other 
nuclei duiing 20 seconds of heat treatment resulting in hydrous zircoma with wider 
P irtielc si/c disli lbution In case of the two step 0 process nucleation occurs for a shorter 
period ol time (for 5 seconds) and then nuclei grow on aging at 50° C So growth time 
fiotn nuclei to nuclei does not vary too much and that gives a hydrous zircoma particle 
si/c with natiowei width 

3 8 Modification of the sui face of Gd 2 0 3 doped Zr0 2 particle 

When an oxide particle is suspended m water its surface gets charged 
MOII in' -» MOII?' for low pH 
MOII I OH +MO I II?0 for high pH 

I he net charge on the particle surface can be negative or positive depending on the pH 
I he pi l at which die net charge is zero is called the point of aero charge (ZPC) At a pH 
other than /PC the net chsige on the particle surface causes the concentrations of the 
counterions to be in excess of the average concentration of ions in the liquid This excess 
of countei ions is distributed m a diffuse layer the concentration decreasing as one moves 
away from the particle surface and becoming equal to average value at larger distances 
These layers of excess of counterions together with the charge on the particle surface 
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constitute in clcctncil double layer Because of the charge on the particle surface and 
its screening by the diffuse electrical double layer a potential develops on the particle 
suffice which deerc iscs exponentially as one moves away from the particle surface The 
potent! il it the p irticlc surface can not be measured but the potential at a distance at 
which the p u tide and idhcring liquid layer shears away from the rest of the liquid when 
the p articles move can be measured This is called the zeta potential 
I he /eti potential values of 10 mol% Gd 2 Ch powders of particle size of 115 nm were 
mcisuted with v trillion of pH of the suspension by calculating the mobility of the 
pu tides undei in extenully applied electrical field 


I able 3 10 /ctn potential values of Gd 2 C >3 doped ZrCh at different pH 


Sample 

pH 

Zeta Potential 

(mV) 

10 mol% (id Ot doped 7i0 2 (prepared from 0 01 

M/rOC 1> 81 HO and 1 71 x 10 1 gm/ccHPC 

2 

36 5 

3 

30 06 

4 

159 

55 

114 

6 

18 

7 

26 
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figure 3 10 Variation of zeta potential as a function of pH 

U is evident from the fig 3 10 tint with increase in pH the zeta potential value decreases 
and then gels reversed and becomes more negative with increase of pH At pH ~ 4 8 the 
/ela potential becomes zero and it is denoted as the isoelectric point of 10 mol% Gd 2 0 3 
doped /rO; At lower pll (below 4 8) the zircoma particles are positively charged and 
form diffuse electric double layer with negatively charged gegen ions As the pH 
increases the electric double layer width also decreases as the positive charge density on 
I he hydrous zircon la particle surface is decreased and so the value of zeta potential 
decreases If the pH is increased beyond the isoelectric point (here 4 8) the charge on the 
particle sue surface gets reversed and it forms a electric diffuse double layer with 
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positively eh ugtd gegen ions With further increase in pH the density of negative charge 
on the hydrous /ireoni i particle surface increases and thus the thickness of the diffuse 
eleeti le ll double 1 tyei gets enhanced and as a result the zeta potential value uses 

3 8 1 Silica C el coaling on Pai tides of Zircoma 

I he piowth ot t sihev layer on zircoma particle suspended m TEOS sol has been 
measuitd by observing the changes in the zeta potential of zircoma particles with respect 
to tune I ible 1 11 piesents the data of zeta potential values obtained after different time 
<ntu' •! md liguie 3 1 1 shows the vanation in zeta potential with respect to time 



|, , g „, c 3 U C linnet Of zeta pote»t.al as a ftu.et.on of tome 
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I able 3 tl Ze(a potential values of GdjCh doped ZrC h after different tunes interval 
at a fixed pH of 3 S 


1 mic ( hi s) 

Zeta Potential (mV) 

0 

102 

3 *5 

68 

14 5 

0 

19 

3 1 

25 5 

63 

27 5 

67 


At the initial stage (time t~0) the zeta potential of the particles show a high positive 
v iluc close to the value of zeta potential of pure Gd 2 C >3 doped zircoma at that pH With 
time /eta potential values gets decreased and becomes zero at 14 5 hours then starts to 
be negative with increase in aging time At 27 5 hours it shows a negative value of zeta 
potenli il that is close to the zeta potential of silica at that pH 

l he isoelectric point of zircoma is 4 8 whereas that of silica is 2 The suspended 
/uuimn particle in 1 1 OS sol of pH 3 5 was positively charged where as the silica gel that 
is generated flora 1 1 OS in duo course of aging is negatively charged at pH 3 5 So silica 
gel is deposited on the zircoma particle surface by the electrostatic force of attraction 
When (hero was no silica gel layer on the zircoma surface a positive zeta potential value 
was observed and as the silica gel started depositing on the zircoma particle surface die 
zeta potential started decreas.ng got reversed and then approached the zeta potential 

value of silica at, long ttmes (27 hours) 
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I Ik form ltion of the silica film changes the zeta potential of the particles with 
time Iiom (he value corresponding to Zr0 2 surface at pH 3 5 to the value for silica 
icc it the s ime Ph It takes some time (almost 27 hrs) for this zeta potential value of 
the suspended paiticle to reach that of silica, suggests that silica film forms by nucleation 
tad pi o wth modi unsm on zncoma particle surface 
3 9 Pin lieulale composite films by sol gel 

It is very difficult to obtain crack free thick film by sol gel method because 
dm in frying ind ubsequent heat treatment a thick film gets cracked due to differential 
shunkige between difleienl pads of the gel film and because of the constraints of the 
subsh lies By sol gel method thick films are usually obtained by multilayer coating with 
some heat ticatmcnt between each coating Upwards of 20 coatings and heat treatment 
steps may be required to obtain a 1 pm thick film Introduction of particles of second 
phase can significantly increase die toughness of the gel film and thereby enhance its 
resistance to crack growth and propagation during heat treatment Here we have 
introduced a well dispersed suspension ofZrOz A1 2 0 3 and Si0 2 particle to a polymeric 
silica solution ( I EOS sol) TEOS sol was sufficiently (0 5 day 1 day 2 days) aged so 
that a long polymeiic network of StO can be formed and then the second phase particles 
were added to the aged sol A surfactant hydroxyl propyl cellulose (HPC) was used in 
different amount (0 002 x 10 1 gm/cc to 0 008 x 10 3 gm/cc) to disperse the second phase 
pailiele in isopropanol These second phase particles interact with polymeric Si0 2 
network to form diffeient kinds of floes clusters chains m the gel 

Figure (3 1 3) and figure (3 14) show the SEM micrograph of Si0 2 Zr0 2 composite 
film where the second phase particle (ZrOr) was dispensed in isopropanol - HPC solution 
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w,lh i Hit concentration of 0 002 x 10 J and 0004 x 10 ! gm/cc respectively H,ghly 
umouili lied llocs m gel matrix are seen in figure 3 14 whereas figure 3 13 represents 
some Mil ill dusters of pm tides oriented randomly in the composite film 



iMguie 3 13 SI 1 Ml miciograph of S 1 O 2 Zr0 2 composite film atHPC concentration 
ol 0 002 x 10 ’ gm/ cc 



I iguie 3 14 SI M micrograph of S 1 O 2 Zr0 2 composite film at HPC concentration 
of 0 004 x 10 ‘gm/ci 

The particle disti ibution and arrangement in the Si0 2 Zr0 2 [(3 1 5 (a) ] and S 1 O 2 - A1 2 0 3 
[(315 (b)J composite film has been shown below where no HPC was used as a 
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smhuml to disperse the seeond ph lse part.de ( Zt 0 2 AfcOa ) isopropanol Both 
liptne |0 UMlwl [(1 '5(b) ]re p,ese„ thl8hlyooncentIatedflocsmfl]e8e]matnx 



(b) 

figure 3 IS Sf M micrograph of (a) Si0 2 Zr0 2 and (b) Si0 2 ~A1 2 0 3 composite 
film at zero UPC 

A somewhat interesting trend in particle arrangement is observed when the second phase 
particle is dispersed in isopropanol HPC solution containing 0 008 x 10 gm/ cc HPC 
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I ip tut 3 1 6 ( i) ind 3 1 6 (b) show tlie particle arrangement in the composite film where 
0 008 x 10 oin/ce II PC was used to disperse TOSOH zircoma (0 2 pm) and hydrous 
/titom i(0 1 3 pm) pu tides lcspcctively Figure 3 16 (a) shows some chain and ring like 
m mi uncut ol p u titillate matter in the gel matrix A thick chain of particles is seen m 
llguic 3 16 (b) 



(») 



(b) 

,„g m c 3 16 StM micrograph of (a) SiOr ZrO, (TOSOH) ood (b) S.O, ~ZrO, 
(hydrous) composite film at 0 008 x 10 3 gm/cc HPC 
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I he une itemed hydrous zirconia powder contains some HPC molecules adsorbed 
onto p uttclc sud itc which may affect die particle arrangement that is different from the 
one obt lined by using 1 OSOII zirconia as a second phase particle 

1 tom ill these SFM micrographs it can be said that second phase particle 
dispersed with lower imountof HPC (0 002 x 10 3 0 004 x 10 3 gm/cc) give clusters 

and floes tli it are distributed randomly in the gel matrix Particle having no HPC as a 
dispers ml ilso produces large concentrated floes Some long chains and rings of particles 
ire seen when second phtsc particles are dispersed m isopropanol 0 008 x 10 3 gm/cc 
11 PC solution 

llowevet this eoi relation is only tentative based on a few experiments Many 
moic expert men ts and more carefully controlled conditions need to be earned out to 
esl ibiish (he oorrcl ition between the process parameters and die arrangement of particles 

obt lined 

A icmarkablc observation m all the films was that the films despite having 
significant thickness were not ciacked except at the periphery of the dried drop Figure 
1 17 shows the piofilomclot daces of a dned drop The thickness of most of the film is 
fi 21 pm |1 17 (a) 1 while at the periphery it is about3 5 pm [3 17 (b) 1 
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bigui c 3 17 (b) full scale length 100 KA° 

bigut e 3 17 1 lutkness piofile of S 1 O 2 ZrOi composite film at (a) central region 
and (b) pci tphcral ttgion 

At the periphery more liquid migrates due to capillary forces resulting in increased 
thickness In ill the figures shown before the gel phase is untracked Another example is 
shown in figure 1 18 
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1'igiiie 3 18 llncrackcd region of a film m presence of secondary particle 
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On the othu h md m the legion where the particle density is low the film is invariably 
otaeked (I ipurt 3 19) 
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figuie 3 19 ( racked Structure of a film prepared by sol gel method There is no 
particle m the him in this region 

3 10 C rystalh/ation of dried powder 

One of the important characterization techniques of nano powders is to evaluate 

different phases by crystallizing the powders at different temperature and to see the 

changes in crystallite si/c with vanation m temperature and its influence on the phase 

composition In the present study amorphous powders were crystallized by calcination to 

diffeicnt temperature for 1 hour 
3 10 1 Phase analysis by X ray difii action 

X ray diffraction technique is used to determine the phases present in the undoped and 
doped zircoma powder by heating the powders at 600 C and 900 C for 1 hour The X- 
ray diffractograms (intensity Vs 26) of the powders 20 values were varied fiom 20 3 * * * * * 9 to 
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M) l he v lilies ol 20 eonesponding to the peaks obtained from the diffraction patterns 
,re noted .ml comp ired with the standard data Figure 3 20 shows the XRD plots of 
undopul /atom i powders crystallized at 600° C for 1 hr 



laguie 3 20 X my diffraction plots of undoped zirconia powders heat treated at 
600° (/ I hi 

l he phases picscnt in crystallized powder prepared from different Z 1 OCI 28 H 2 O 
concentration md the corresponding values of crystallized size have been given in table 
1 12 
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I able 3 12 Phase eh uactcuzation of undoped Zircoma powders prepared from 
ditToi uit piecui sot concentration after heating at 600° C/ lhr 


Pitcursoi Concentration 

/i OC h 8 1I 2 0 (M) 

Phases 

Crystallite size 

Calculated from 

cubic peak at 60° 

0 01 

c 

8 

0 02 

c 

8 

0 03 

c + m 

9 

0 01 

c + m 

10 

o os 

c + m 

10 


I lit powders picp lied from 0 01 M and 0 02 M precursor show only cubic phase at 
600 0 ( which mty be ittnbuted to the small particle size in this powder Small 
particle si/c that stabilizes the metastable cubic phase at room temperature On the 
other h md die powders prepared from higher precursor concentrations (0 03 O 04 
0 ()S M) show bodi cubic and monochmc phases after heat treatment at 60 C due to 

huger particle size 
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, 3 21 X ray ** - « "’»« G "»°> Z ' rC0,M 

heal ti eated at (a) 600° C7 1 hr and (b) 900 Cl 1 hr 


I 
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1 11 U1C 3 21 (v) md 3 21 (b) show the XRD plots of 10 mol% Gd 0 3 doped 
/licom i povvdus crystallized it 600° C and 900° C for 1 hr respectively 10 mol% Gd 0 3 
doped /jO powders prepared from different ZrOCl 2 8H 2 0 concentration (0 01 M to 
0 03 M) show only c ph isc tliroughout the temperature range from 600° C to 900° C 
All the Gd 0> doped powders crystallized at 600° C for 1 hr have a crystallite size of ~ 8 
nm where cs th it for 900 0 C / 1 hi heat treated sample is ~ 9 nm Thus it is evident that 
uyst ditto si/e does not vary too much with the change in ZrOCl 2 8 H 2 0 concentration 
md is independent of the pieeunor concentration Also it can be said that HPC has no 
jole to pliy m nuclcalton only it can alter the subsequent growth process which is 
reflected in the d (fluent particle size value for different ZrOCl 2 precursor concentration 
l he 1 tel th it in ease of 10 mol% Gd 2 0 3 doped sample the primary crystallite size does 
not mu use too much on heating from 600° C to 900 0 C is very encouraging and we can 
hope lot a sintered body from this powder with a gram size in very low nano range 
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CHAPTER 4 


SUMMARY AND CONCLUSIONS 

The present work was undertaken with several aims first to prepare 
both undoped and Gd203 doped zirconia nano powders with narrow size distribution 
secondly to modify their surface characteristics by sol —gel technique and thirdly to use 
them as a second phase toughening agent to obtain crack free thick films by sol gel 
method 

Both 10 inol% Gd O3 doped and undoped zirconia nano powders were prepared 
by homogeneous piecipitation technique of heating alcohol water solution containing 
zirconyl chloride salt and hydroxypropyl cellulose (used as a surfactant) It was found 
that the mohi concentiation of ZrOCl 2 has a direct effect on the particle size of hydrous 
zuconia The paiticle size can be controlled by suitably selecting the initial concentration 
of Z1OCI2 8II2O Particle size of the dned powder (as measured by HPPS) vanes from 
115 nm to 225 nm as ZrOCb 8H2O concentration increases from 0 01 M to 0 05 M 
Particle size of the doped powder does not vary too much from the undoped one which 
shows th it 10 mol% Gd Ch does not affect the solubility of the ZrOCl 2 m the alcohol 
water system GdaCh doped zirconia nano powders with very high surface area (300 m 2 / 
gin) have been prepared from ZrOCl concentration of 0 01 M 

One step heat treatment of alcohol water salt solution produces hydrous zirconia 
particles with a lelatively narrow size distribution Two step heat treatment of the 
precursor solution has been used to prepare hydrous zirconia particle with a still narrower 
size distnbution A microwave treatment at 80% power for 5 seconds and then aging at 
50° C for 8 hours seems to be the optimum condition for obtaining hydrous zirconia 
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particles with narrower width (15 nm) Hydrous zircoma particles with narrow size 
distiibulion can also be prepared by heating at 80% and 100 % microwave power for 10 
and 1 5 seconds respectively and subsequent aging at 50 °C but in those cases the particle 
width increases rapidly with increase in aging time 

The variation in the zeta potential of 10 mol% Gd 2 03 doped zircoma powder was 
measured as a function of pH and the isoelectric point of the powder was found to be 4 8 
The surface properties of zircoma nano particles were modified by coating with silica 
using a sol gel technique Time dependent growth of a silica layer on zircoma particles 
suspended in TEOS sol was measured by observing the changes in zeta potential of 
zuconn particles At the initial stage (time 1=0) the zeta potential of the particles show 
a high positive value close to the value of zeta potential of pure Gd 0 3 doped zircoma at 
that pH With time the zeta potential value gets decreased and becomes zero at 14 5 
houis then negative with increase in aging time At 27 5 hours it shows a negative value 
of zeta potential that is close to the zeta potential of silica at that pH 

Introduction of particles of second phase can significantly increase the toughness of a 
thick film obtained by sol gel method and thereby enhance its resistance to crack growth 
and propagation during heat treatment A well dispersed suspension of Zr0 2 or A1 2 0 3 
particles weie added to a polymenc silica solution (TEOS sol) TEOS sol was sufficiently 
(0 5 day 1 day 2 days) aged so that different polymeric structures of Si0 2 can be formed 
and then the second phase particles were added to the aged sol A surfactant hydroxyl 
propyl cellulose (HPC) was used in different amounts (0 002 x 10 3 gm/cc to 0 008 x 10 
gm/cc) to disperse the second phase particles in ^propanol These second phase 
particles interact with polymenc Si0 2 network to form different kinds of floes clusters 
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chains in the gel At a HPC concentration of 0 008 x 10 3 gm/cc some chain and ring like 
anangements weie found in the gel matrix but for other concentrations no regular 
arrangements of floes and clusters were found The distribution of particles in the gel 
network seemed to be unpredictable and no clear correlation was found between various 
parameters used for the processing The gel matrix is severely cracked where there is no 
second phase particles but the presence of second phase particles in the form of floes 
clusters and chains in the gel matnx holds the film together and m those portions of the 
film no crack was observed Thus the second phase particles act as a toughening agent by 
arresting the crack growth and restrict its propagation m the thick film derived by sol gel 

technique 

The crystallization of the as prepared amorphous hydrous zircoma particles is 
studied by calcination at 600“C and 900° C respectively The undoped crystallized 
powders prepared from lower precursor (ZiOCfe 8H O) concentration show only cubic 
phase whereas the powders with higher particle size prepared from htgher amount of 
precursor concentration show a mixture of cubic and monoclinic phases at 600" C 

I However for Gd20, doped powder it is only cubic phase that exists m the crystallized 

powders in the temperature range from 600 “ C to 900 » C and the primary crystallite size 
proved to be independent of ZrOCl 2 BH 2 0 concentration 

Iii Conclusion 

1 The particle size of nndoped and GdrOr doped zircon, a powder does not vary 
much if other parameters are kept constant 

/ 

1 
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Hydrous zirconia powders with particle size down to 40 nm were successfully 
prepared The particle size could be varied by varying the ZrOCl 8H 0 
concentration 

The high BET surface area of the dried powders suggests that a dried particle of 
hydrous zirconia consists of many elementary particles The particle size obtained 
form BET surface area is 6 nm whereas it is 8 nm from x ray line broadening for 
powders prepared from a precursor concentration of 0 01 M ZrOCB 8 H 2 O 
Hydrous zirconia particle with narrower size distribution (15 nm width) can be 
pioduced by two step heat treatment of the precursor solution 
The isoelectric point of 10 mo% Gd 2 C >3 doped zirconia is found to be 4 8 
The surface characteristics of Gd 2 C >3 doped zirconia nano powders can be 
modified by coating with a second phase particle using sol gel method 
A composite film between 0 25 pm to 0 5 pm in a single coating can be prepared 
by strengthening it with second phase particulate matter by sol gel technique 



APPENDIX 1 


STEPS IN THE MEASUREMENT BY HPPS 

1 First the instrument is switched on and the temperature is allowed to 
stabilize foi 30 mmutes 

2 Then HPPS software is started It is to be noted that after switching on the 
softwaie should not be started until the unit beeps twice If this is not done 
then the softwaie will not connect the optical unit 

3 The sample is piepared well (l e m well dispersed condition) and the 
cuvette is filled with the sample upto 10 mm of its height (die maximum 
height upto which it can be filled should not exceed 15 mm) 

4 The cuvette is placed in the sample holder delicately and the lid is closed 
Then the tempeiature is allowed to reach the desired temperature 

5 A new measurement database is created or opened and manual 
measurement is started by selecting Measure-Manual 

6 Then ‘stall button is pressed and the instrument starts to take the 


measurement 



irr^JSDiX 2 


i- AL,cdL,/v i iuN uF PARTitiJE SiZE FROivi PjtiuiOGRAPH 

The paiticle sue is calculated from the photograph developed fiom the 
negative by using the following formula 
The paiticle size (|) is given by 

S A 4 

4 » = 

M X m 

S p irticle size on photograph developed from the negative 
(|> - actual size of the particle 
M - Magnification at the TEM screen 

m - magnification by which the negative is magnified mto a picture 


In the present calculation the value of m is maintained 4 3m every 
cases (except for nucleation and growth expenment in this case value of m was taken as 




This book is to be returned on the 
date last stamped 



